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Foreword 


Hic  ct)Jii|>lcx  >hiipi;-N  of  tiUKicrn  cimibal  aircnift,  in  coinhiiiatioii  with  cvci-wiiicniiif*  l'''j;lit-cnvck)pos  and  incrcasinj^ 
ikiiiands  fur  greater  manoeuvrability  and  controllability,  have  intensified  the  need  to  improve  rhe  aeriidynamic  design  of 
aircraft  controls.  However,  the  basic  understanding  of  aerodynamic  controls  is  still  deficient  in  many  areas  and  aircraft 
designers  arc  still  veiv  dependent  on  results  fpini  winti  lui..iels  and  flight  tests,  'fhough  coinputaiioii:*l  methods  arc  proving 
increasingly  effeclive  in  basic  vehicle  design,  applicatiixi  to  controls  has  met  with  limited  success  because  of  the  dominunce  of 
uiulsiciidy  viset)us  aitd  sepnrsUeti-now  effects,  which  lead  to  pooier  control  (>crforinanee  than  predictci!.  nttv  n  eoupleii  witli 
high  buffet  levels. 

It  was  the  purpose  of  the  Symposium  lO  review  the  ncrodyni>mic  design  of  ci>nirols  ut  take-ofl  and  landing  eomliticnis.  for 
manocu  viing  at  subsotiit.  transonic  and  superstinic  speeds,  foi  high  angles  c»f  atmek  and  yaw.  aiul  for  departure  prevention  and 
post-siell  iTianoeuvnng.  Also,  part  of  the  Synipt>sium  was  concerned  with  novel  comnd  devices.  With  regard  to  ground  effee's. 
k.ompii','tii'nal  Mxl  experimental  iliclllods  were  revii‘'ve(t  .*ind  ii  hukd  jet  effcs.ts  .  ..  Ixtw-heid  loree.s  and  intake  flow's. 


I  es  kwtnes  complexes  lies  avions  de  combat  nuHlernes.  assoeiccs  aux  doinaiiics  dc  vid  qui  s’etendent  sans  eesse  et  aux 
tleinandc.s  croissante.s  pour  line  plus  grande  niaiiocuvrabiliic  cl  unc  plus  grande  contrdlabilite,  out  fait  eiuiiie  le  bcstiin 
d'umcliorer  les  nioyens  do  conception  et  de  definiiioii  cle  lcui.s  gouvei  iies. 

(  Vpeiidant  les  eoniiaissatieesde  hasesur  lefonctionnciiiein  de>gouvcrn«  svoni  encore  insuffisaiites  sur  bicn  ties  points  ct 
les  conec|ileurs  d’avlons  doivent  encore  .sc  reposcr  beaucoup  .sur  Ic-s  rcsultats  dcssiiis  eti  .souffleiie  el  en  vol.  Hien  ijiic  les 
methodes  de  caleui  se  montrent  dc  plus  cn  plus  cfficaces  pour  Ic-s  projcis,  lour  uiilisatum  i>our  les  gouvcnics  a  un  siicecs  liniite  a 
cause  dc  l  imporlancc  des  efiets  visqueux  ct  dc  la  prc.scnce  ilc  dccollcnienls  qui  eonduis<  iH  .1  ties  jM.'i  ft>Miiaiices  inlcrieuies  a 
cellcs  qiii  sont  cateulees  et.  en  plus,  fi  des  niveauxdc  tremblcmcni  elcvds. 

r'cuiit  Ic  but  de  cc  symposium  t|ue  defaire  ic  point  mu  la  defiiiitiiai  aeiodynainique  ties  gouvenies: 

-  -  dans  ics  coiifiguiaiitHis  de  daadlagc  ct  iratlcirissagc, 

•  -  pom  les  maiioeuvicscii  sub.soiiique.  lrans.soim|uc  et  su|K‘rsonKjUc. 

•  pour  les  gnuitis  angles  d'attaijtie  et  dc  dciapagc. 

••  pout  la  jirevention  tic  la  miscen  vrille. 

■  -  et  poui  les  manoeuvres  upresdccrodiage. 

Une  partie  du  .symposium  a  cgalc;-  ill  etc  consacrec  mix  imuvemites  en  malieie  de  eotUible  acrtniyiumiique. 

Idi  cc  tjui  eonceine  I'clfel  tic  m»1.  les  mclhodcs  cxpciiincnlalcs  cl  les  metliiHle.s  tie  caliul  onl  etc  passees  en  revue.  I  em 
apiilutie  a  evalucr  les  effets  tie  jet  sur  les  effort-  -leuidynainiiiues  el  mu  les  eetiulciiiem  irentree  a  etc  e.xamincc. 


D.H.Fcckham  ami  J.I.cynaert 
r  o-f  hairnicn 


Fluid  Dynamics  Panel 


(  hiiirman:  Mr  O.i  l.Pcckham 

Superintendent  AF2  Division 
Hoyal  Acr<ispacc  Establishment 
K141  Building 

Farnborough  Hants  GUI4  6TD 
United  Kingtloin 


Deputy  riiairman:  Dr  WJ.McCVitskcy 
Senior  Staff  Scientist 
US  Army  AeroFlightdynamicx 
Directorate-Mail  Su»p  N2^S-] 
NASA  Ames  Research  Center 
Moffett  Field.  CA  V43()^'  1099 
United  Stales 


PROGRAMME  COMMITTKE 


Mr  D.M.Pcckiiam  (Co-Chairman) 
SupcrimeiKlent  AF.2  Division 
Royal  >\cru.spacc  I'isiabllshment 
RI41  building 
^•anlboroupl; 

Hants  (iU  14  hl'D 
United  Kingdom 

MJ.I.eynaeri  (Co-Chuiumint 

Directeur  Adjoint 

Direction  Grands  Moyeiis  d’J-!ssai\ 

B.P  72 
ONl-RA 
92322  Chatillun 
France 

Dr  KJ.Orlik'Ruckcmaim 

Niiiioiiiil  Acronuulieal  Fislablisl.inent 

National  Ke.scarch  ('ounell  —  Montreal  Rd 

Oitawa,  Oiuario  K 1 A  UKb 
Canada 

M.Cr.fon^iviit 

DCAe/SlPA/lXi.: 

4  Avenue  de  la  Porte  d’lssy 
75996  l‘aii-s  Amices 
France 

Dipl.'lrig.  P.W.Sacher 

Messcrschmitt-H()ll«iw-Hlolim(imhII  -Flill 
PoMfachHO  11  6(1 
n-HOOOMunchcii  Hit 
^■ederal  Republic  of  Germany 


Prtii.  CMlcrgeles 

Depi.  of  Mech.  Fng.  Muids  .Section 
National  lechnieal  Univcisily  of  Athens 

106X2  Athens.  Hclhi'. 

f  ircccc 

Drlng  Ci-Buecianiini 
Aeritalia-Socicta  Acusspn/.ialc  Italiana 
CiruppoAerci  Dile.sn 
< ‘or-o  March  4 1 
10146  Torim» 

Italy 

Mr  J.Simoi) 

<'ASA  Project  Division 
Aerodynamic  1  )eparimenl 
Avda.  John  Lennon  s/j) 

(iinAM*: 

2H065  Madrid 
Sj)ain 

Prof.  A  D  Young 
0  (iilbcrl  KoaU 
C  .iinbiidgcC’lU  3PJ) 

United  Kingdom 

Mr  D.I., Bowels 

Aon.iiiL'diiiiiicv  Piv.,  I  )vimiliks  I  iib. 
WKIK/KIMM 

Wriglit-I’alicrsdii  Al-IJ,  ()1 1,  J'lk.kl-fi.S.-JJ 
I  lulled  Sialcs 

Pr  J.l  X'iiiiiphi  ll  M/S  2V4 
rriinsiinic  Acnnlyiianiks  Pivi.sjim 
NASA  1  .aiigley  Rcscartli  ( Vnler 
lliinipioii.  VA 
Uiiiiid  Stulcs 


PANKI,  EXi:<  in  IVE 


Mail  frtini  Kurtjpc: 

Or  W.CjutiUrich 
ACiARP/aiAN 
7  rue  Ancdle 
42200  Scuillysur  Seine 
France 


Mali  iinni  viS  and  c  aiuida: 
Pi  WCiuodiicIi 
ACIARP/NAK) 

Ai’<)  New  York 


id.  (I)473S-‘i775  -  Telex  h  1076  (I-raiiee)  -  Telefax  (!)  473S-5744 


Contents 


['age 

FOREWORD  iii 

KmiD  DYNAMK  S  FANEL/PROCJRAMMF.  C  OMMITTEE  iv 

Referenee 

SESSION  I  -  OVERVIEW  AND  FUTURE  REQUIREMENTS 
C'hairiiluii:  F^ESiiiinii 

AERODYNAMIC  AND  FROPI  LSIVE  C ONTROl.  I>EVE1.0FMENT  OF  THE  SFOE  AND  I 

MANEUVER  TEC  IINOI.OCY  DEMONSTRATOR 
bv  DJ.Mourhuuse,  J.A.Eaughrey  and  R.W.l'Iiomae 

COMBAT  AIRCRAFT  CONTROI,  RECJI IIREMENTE  2 

by  T.B, Saunders  and  .I.II.l'ucker 

CONTROI.  RESEAHC  II  IN  HIE  NASA  IIIOII-AI.FliA  TEC  IINOl.OOV  I’HC'ORAM  i 

by  W.I'.Oilhert,  L.T.Nguyeii  and  J.Oora 

COMBAT  AIRC  RAFT  C ONI  RO!  REQI  HREMENTS  FOR  AOII.I  IV  4 

by  J.R.Ctiody.  .I.IIodgkiiison  and  A.M.Skon 

SESSION  II  -  CTIRRENI  EXFERIENC  E  OF  C ON  I  ROI.  DESION 
C'bairtiian:  A.D.Vuung 

AERODYNAMIC  CONIROI,  DESION;  EXI’ERIENC  t  AND  RESM.TS  AT  AERMAI  (  III  .<! 

by  B.Buraeelii,  M.l.ucelicsiiii,  L.Munfriaiii  and  F:.Vallorla 

SOME  RF  C  ENl  EXFERIMENTAl,  INVESITOAT  IONS  INTO  AERODYNAMIC  ASl'EC  IS  6* 

OF  CONTROLS  FOR  C  ANARD  C OMKAl  AIRC  HAFT  LAYOUTS 
by  D.A.laivvIl 

EEFEC  TS  OF  C  ANARD  i’OSHION  ON  THE  AERODYNAMIC  CIIARACTF.RISTTC  S  7 

OF  A  C  LOSE-COUI'LED  C  ANARD  C ONFIOUR/YITON  Al  LOW  SPEED 
by  D.liuiiiinel  and  II.C  .Oelker 

THE  EFFEC  TS  OF  I OREPLANES  ON  1  HE  STATIC  AND  DYNAMIC  C  IIARAC  TERIST  1C  S  S 

OF  A  COMBAT  AIRC  RAFT  MODI  L 
by  C.O.CJ’Leary  and  B.Wcir 

THE  INTERFERENCE  OF  CONTROLS  AT  IlIOII  ANOLE  OF  ATTAC  K  AND  AT  LOW  SPEED  1 

by  F..L.Siiiiuii  (Wlchdraaii) 

SESSION  III  -  HlOH  alpha  AND  INNOVATIVE  CONTROL  CONC  F.PTS 
Chairniaii:  J.F'.Canipliell 

innovat  ive  CONTROI,  CONC  EFTS  AND  COMPONENT  INT  EOKATION  FOR  A  CiENERi:  10 

SUPERC  RlllSE  FIGHTER 

by  H.A. Marks  and  lI.E.Haliiie 

DEVELOPMENT  OF  NsIN-C  ONVENTIONAl,  CONTROL  METHODS  FOR  HICiH  ANGLE  1 1 

OF  ATTAC  K  FLIGHT  USING  VORTEX  MANIPULAT  ION 
by  G.N. Malcolm,  T.T'.  Ng,  L.C.Lcwis  and  D.G.Murri 


'  Printed  in  classified  publication  C  P  46S  (Supplement) 


Kel'crt-nct' 


(  (WTROI,  OF  VOR7  FX  AKRODYNAMK  S  AT  HltJH  ANM.KS  OF  A  l  l  A(  K  1  2 

hv  l,.Rol)Cii.s  and  IN.J.W<>i)d 

A  I.OOK  AT  TOMORROW  TODAY  I A 

hy  I..A.Wali-lili 

SKSSION  IV  -  DYNAMIC  AND  I  IN.SI  F.AI)Y  FIT  FXT  S 
Chdirinan:  KJ.Orlik-Kuckvillallll 

UINS  I  FADY  AFRODVNAMK  S  OF  < ONTROl-S  14 

!)>  OJ.Ilaiicni'k  and  D,(>.Mdhoy 

niF  SI  KADY  AND  llME-DEl'KNDKNl  AERODYNAMK  C  HAHA<  1  ERISTU'S  OF  A  1 5 

(  OMBAT  AIRC  RAFT  WI  I  H  A  DEETA  OR  SWEl*!  (  ANaRD 
by  D.O.Mabcy,  B.EAVoIsli  and  C'.R.IVvne 

I  HE  EFFEC  1  OF  RAl'il)  SFOILF.R  DEPEOVMEN  1  ON  I  HE  TRANSIEN 1  1  ()RC  i:S  1 6 

ON  AN  AF.ROFOll. 

by  I’.W.Bcuriiiari.  J.M.R.(;rahaiii  and  l*.Kalkaiiis 

SESSION  V  -  IMPl.K  A110N  OF  TIlRIi.ST  VFX TOKINI.',  AND  ENtHNE  (;ROtiM)  EFFEC  1 

(  iiairnian;  I’AV.Saohcr 

INH.HiHT  I  HRUST  VEC  TORlN<;  -  A  l  URTllER  DE^OREE  OF  FREEDOM  IN  l  llE  17 

AERODYNAMKVFl.lOin  MET  HANK  Al,  DESION  OF  MODERN  FIOM  IER  AlRORAn 
hy  P,Mani>nld  and  (kWedcknid 

A  HROniESION  VIEW  OF  (iROUND  El  FE<1S  RESEARC  H  18' 

by  M.Iloliiifi,  .I.E.Flilcrnfi  and  ( .J.IViiroM- 

AERODYNAMK  INI  ERFFRENCTS  OF  IN-FI.KillT  TllRlIST  REVERSl  HS  IN'  OkOUNl)  11  FE(  I  11 

by  O.Wodi'kind  and  I’.Maiinnld 

SESSION  VI  -  AIR<  RAH  ORQI  'ND  EIFI.<  IS  ANI)  TESTINO  I  EIJlNiyi  l.l-.S  I 
<  hninnan:  .I.Li-yiiavrl 

ElTDE  DE  E  EFFET  DE  SOI,  AU  (  EAT  EXl’I.OlTATION  DES  RESlil.lAIS  20 

par  (f.Vidal  c(  J.Dc.schanipa 

DYNAMIC  OROUND  EFFECTS  21 

by  J.VV.PauNoii  Jr,  (■.I'.Kciiiniurly  and  W.F.CiillKTl 

IT  I  IDE  DE  I.TTFEn  DE  SOI  SUR  MAyilETTE  EN  VOI,  22 

par  J.E.C'ncqut’ri'/,  P.C'otoii  c(  R.Vt'rbruppc 

SESSION  VII  -  AIRC  RAFT  OROONU  EFFECTS  ANI)  l  ESTTNC;  I  ECJlJNly*  'JJS  I 
CTiairnian:  (;.Burciaiitiiii 

AN  in-fi.k;ih  investk;a hon  of  oroknd  effect  on  a  forward  2t 

SWEPT  -WINt;  AIRPEANE 

by  R.E.C'urry,  HJ.Muultuii  and  J.Krosrie 

DKT  ERMINATION  DE  L'EFFET  DE  SOI.  Sl'K  LES  (  ARACTF;RIST  1(^1  IFS  DE  [.  AVION  A320  24 

par  A.C'undaniinaa  vl  J.P.BncIa 

TECHNICAL  IIVAI.IIAT'OK’S  REMAKKS/ROOND  T  ABLE  DISCUSSION  RED 


*  Printed  ill  rlaaiiiricd  pnbiieatiiin  CP  465  (Suppieineiil) 


VI 


II 


AKRODYNAMIC  ANU  I’RI  IPIIUSIVE  CONTROL  OEVELOl’MEN T  OF 
THE  STOI.  AND  MANEUVER  l  EC  IINOITHJV  DEMONS  i  HAI'OR 
l>y 

Ddvid  J.Mcxirhuuve  and  James  A.Lauuiircy 
Wrijilu  Rcw-‘arch  &  Dovciopmcnl  C  enter 
Wrijjht-PimciMW  AFB.  Ohio  4.S433 
United  States 
Riehard  W.Thomus 
McDonnell  Aircraft  C‘oinp;my 
St  l.ouis.  MO 
United  States 

INIRODUCTION 

The  STOL  and  Maneuver  Technology  Uemonscrbtor  (S/MTD)  vruKram  whs  etruccured  to  InvHHCl^atc, 
develop  and  validate  through  Midlyeis,  experiment  and  fllRht  teat*  four  »pecli‘ir  Lectinolo;{tet; 
to  providinR  current  and  future  hlRh  performance  flghtera  with  both  STOL  cdpablllty  am?  enlianceiJ  ^(’mbac 
mlaaion  performance.  The  four  technoloRlca  are: 

u  Two-dimensional  thrust  vectorloR  nnd  reveralnr.  exhaust  noxzle 

o  Infeorated  FHRht/Prop*iiHliin  Tontrol  (IFPC)  Syfitum 

o  Advanced  Pilot  Vehicle  Interface  {l‘VI) 

o  Rough/soft  field  landing  gear. 

In  addition  to  tlie  required  tecIinoloKlea ,  all-moving  canard  niirfacea  were  al;ui  Incorporated  into  the 
baseline  F-I3R  (aee  Figure  I).  As  atacett  previously,  the  Intent  of  the  demonscratlon  program  is  to 
validate  specific  technologies,  It  is  neither  a  prototype  nor  an  explicit  reHearcii  program,  ^itartlng 
with  an  existing  aircraft,  many  wind  tunnel  tests  were  perlormcd  to  define  the  Incretnentnl  effects  nf 
the  specific  technology  items.  A  single  data  base  was  defined  Chat  wan  used  by  ell  the  different 
functional  design  groups.  The  componenta  of  most  interest  to  this  conference  sre  the  canard  and  |et 
effects,  both  In  and  out  of  ground  effect.-  and  their  use  as  control  effectors. 

Reference  1  was  publluhed  in  1984  with  the  following  conclitdlng  remarka:  "At  thin  point  In  tloic,  a 
program  hau  bean  initiated  to  develop  technology  Co  give  a  xiiperaonlc  fighter  fITOI.  capaMlity  while 
also  enhancing  mission  performance.  The  key  eleiuentu  of  the  progran  are  a  fully  vectoring  and 
reversing  exiiauxt  nuzzle  and  an  Integrated  Flight/Propulsive  Coutrol  System.  The  intent  in  lo  achieve 
a  level  of  control  Integration  hayond  any  uttempted  so  far.  and  Cc-  achieve  an  unsiirpnsfled  precision  ol 
controllability  and  mancuversbi llty  in  all  flight  phases.  This  will  Involve  solving  new  problens  and 
generating  new  criteria  tu  mature  the  technologies  through  to  (llghc  test  demonstrstlon,  Uc  expert  to 
report  the  successful  results  to  a  similsr  conference  in  4-3  yearcf".  The  Intent  of  thlii  poper  1h  to 
present  Che  progress  of  the  S/MTH  configuration  towards  oieetlug  those  kooIs.  Kiist,  the  design 
raqulreuents  and  their  rationale  are  djpcu»iaed.  .Second,  the  aerodvnamicx  of  the  ransrds  and  let 
eftacce  of  vectoring  and  reversing  are  discussed  followed  by  their  inpleifienCution  and  iirpacl  on  Uie 
control  sysCeo).  Ground  etfacte  with  and  without  reversing  are  dtecuased,  including  a  compnriaon  nf 
Stacie  and  moving  model  Case  approaclies.  The  results  of  a  test  Co  define  Inlet  InjeHClnn  are 
presented.  Then  the  control  laws  to  counter  the  ground  effects  are  discusoed.  lastly,  some 
[irullalnury  flight  test  currelaclons  are  presented  (the  flight  test  program  wl  1 1  coiulnuc  Into  1990). 

DKSTGN  KfcQUIREiMENTS 

As  much  as  posslbie.  the  progi'am  requlreraents  were  stated  In  operational  ternis  csthaT  than  de.>jiKn 
pursoieters.  As  an  ex6apl€:"A  design  requirement  and  tochnology  driver  for  this  program  is  to  CaVenff 
with  payload  and  land  with  a  ground  roll  (Liu-ludlng  dispersion  tolerances)  of  15U0  feet  or  less  under 
adverse  weather  condlclonH  (night,  in  wet.  gusty  weatlier)."  Another  premise  vuv  tliat  the  technulogluH 
would  not  be  acceptable  to  the  using  ennunands  if  enhanced  tukeofl  and  landing  pertommiee  came  at  llu> 
expense  of  degraded  up-and-awsy  capability.  There  wan  also  a  requirement  to  "einphaai/c  mlHiilnn 
flexibility  Using  the  technologies".  This  come  In  a  ratlier  goneraJ  ntdternrnt  iia  follows: 

"A  fully  Integrated  f  1  Iglit/propuision  control  system*  ii»clodinK  in-flight  thniHt  vectoriiiK  and 
iii-flight  reversliig.  may  also  be  needed  in  the  next  generation 

flqhter  for  enhancing  the  survivability  and  attack  capobllltlon,  such  as  tlie  lollowtng; 

6.  Increased  range  and/or  loiter  time  by  cuuvdinutcd  management  of  ulrcrutt  drug,  angle-of-.ittack 
and  Hldesllp,  and  inlet/englne/nozxlc  controls. 

h,  Increaued  Hurvlvahllity  during  penetration  and/or  attack  by  maneuver  enlmncement ,  dash 
acceleration  increase,  engine  up-tifniuiinp,  .ind  dr.ng  modulatior. 

c.  Aircraft  deceleration  to  its  mnalmum  turn  rnit«  condition  (cotnci  'jpecd)  for  rnpi:! 
pltching/poiiit Ing  ana  weapon  launch. 

d.  Positive  rriiiii'i;  .It,  ihoae  flight  conditinns  where  aerodynamic  surfaces  are  Ineffective  (low 
Jyn.iiiiit’  [irenHiiio  and/or  hlgli  angle  nf  attack),” 

Speeds 

Roqulrcuenta  on  nilniinum  speed  were  stated  as  "The  aircraft  shall  demonstrate  precise  control  ot 
flight  path  at  upesds  at,  low  as  1,1  V  ”  supported  also  by  "Llftofl  and  final  tjpproucii  speeds  are  not 
less  thar  1.?  V  for  the  iipproprlale  oi rcraf t  conllgurat lonfa) Thin  requirement  was  Intended  tfi 
A.URure  '.hat  Level  1  flying  qualities  (l.e.  precise  flight  path  control)  would  exist  for  Kignll'lcuiit 
petturbLtiona  Mway  froiri  the  nuuiliial  approach  apeed.  Ubviounly,  the  copC'»rii  woa  with  preventing 
degradation  in  controllability  If  the  aircraft  slowed  doun.  In  addition,  V  was  uaed  consistent  with 


pDwi  red-Hft  STOI.  requirement  a  -  It  could  be  defined  either  by  muxlmum  ti-iiime.J  Hit  coefficient  or  by 
controllability  in  all  ares.  Up-nnd-fl’i/ay  requirements  were  tiinply  for  fluperaonlr  capability,  Mach  I .  •> 
at  26, non  ft  and  a  dynnnjc  preesiirp  of  1200  psf.  The  premlpe  wan  that  It  would  be  a  oioru  slRulficanc 
test  of  the  technoloRles  to  maintain  or  enhance  the  miHHton  capabilities  of  a  supersonic  conf iRurat ion. 

Takeoff  and  Landing 

The  basic  design  requirement  for  the  prugram  lb  the  uuahte  runw.iy  illmensiuna  -  1500  ft  by  SO  ft, 
These  dimensions  form  Impliclti  and  very  atrlngent,  reiitilretnents  on  fllgtic  path  control  and  touchdown 
dlupernlon.  Longitudinal  touchdown  dispersion  is  typlcolly  measureii  In  hundrsds  of  feat  .*  a 
sl.’nlllcunt  proportion  of  tlie  dvailable  length.  Th*  specified  length  of  1 SOO  ft,  therefore,  became  a 
design  requirement  on  precision  of  airspeed  and  fHghtpath  control.  Although  not  expressed  as  an 
explicit  requlremciir,  the  Air  Force  took  the  poaltlon  that  aijch  precision  unul«l  only  be  accompllslie<i  by 
decoupling  airspeed  control  from  pitch  cnntrol  (leaving  open  the  question  of  wliechor  pltcfi  rate,  pitch 
nttlciide  or  flight  path  angle  was  the  most  appropriate  commanded  variable). 

lateral  and  dlrectlonnl  flying  oualltles  design  lequlrementa  nre  dictated  by  Che  SO  ft.  runway 
width  In  confuncrion  with  specified  croscwtnd*  turbulence  and  wlndshear  (numerical  values  given  Jn 
MIb-F-87PSfl) .  The  severity  of  this  requirement  upplfos  throughout  a  STOI.  ajjproach  and  flare  to  ground 
rollout.  This  last  ph.ise  la  also  aggravated  by  the  necessity  fur  high  valued  ul  reverse  tliniHt  and 
specified  slippery  surface  conditions  coupled  with  croHOWlnde.  burly  In  tiie  pregram,  qiiestloi-.n  were 
r.'ilsed  as  to  whether  tlie  cechnlqucs  used  in  K.ivy  carriei  iHiidings  would  setlsfv  the  program  require¬ 
ments.  The  difference,  uf  ccnirse.  In  the  ground  rollout  phase  which  lu  nut  reauireil  ftir  carrier 
Itiiidinge.  A  Navy  fighter  either  catches  an  arresting  wire  or  goes  around.  It  w.is  believed  that  the 
tank  as  Rporiiled  for  tl»»i  PTOL/HTI)  pvogtam  w.os  a  *iicu  prohlem*  beyond  the  capabiMty  of  any  nirreut 
fighter  nystem. 

Proptilaive  Cont 

The  firut  re'{uiteinei:t  was  f'  pitch  vectoring,  oii  the  ground  and  in  the  air,  jil  all  operating 
ct)nditl<jnR  ultli  the  nozzle  open  (l.o.  not  reversing).  A  value  cif  ►  ?0“  wnw  rhoaer  oh  flu*  rtquiremetii 
at  dynamic  pressurcH  up  to  300  paf.  This  deflection  was  choHen  somewhat  iiihlrrarlly  as  ’eiuu'gh  i() 
exercise  the  technology'  without  being  "too  t.iuch",  1l»e  re-iulrenent  was  also  lor  at  lesst  ♦  htlueen 
3110  and  9U0  psf.  These  requirements  have  been  esnent  la  1  ly  v.-rlldaCed  <(urlng  the  design  prucesu, 
alchoigh  the  deflections  have  been  limited  tu  give  a  nnxlnuni  iM>tpial  force  to  avoid  over-dc^lKiilng  tin' 
Ntri  lure.  The  Vectoring  function  was  also  required  to  be  p.rit  of  the  primary  lll>ht  control  Hv.;tfiji, 
which  heonmea  a  requlrcnent  on  nozzle  actnnliou  rciLe. 

Thv  reverser  f}<iw  (either  by  Itself  or  In  conjonctlon  wltli  vectoring)  was  to  provide  pltcli,  vaw  .md 
mil  control  lutictlona.  Thu  Intent  was  ststod  m  he  "to  enhance  MtnhlHty  ami  cor.t I'ol lubl  1 1  ty  of  li>e 
.ilrcrntc  In  the  STOI.  operating  mode  both  In  Dlght  ami  on  ilie  ground''.  The  .ictnatltn  rates,  ht)wever  , 
were  dictated  by  ii  requlrenent  to  go  "from  the  iicintnnl  steady  nt.ite  auprouch  positlnn  to  lul)  revvrss 
or  to  waxlcnutn  drv  forward  thrust  In  Isss  than  one  second''.  The  Intent  ol  this  reqo 1 1 emeni  w.i:?  to 
mtnlmlzu  delay  in  ubValnlng  reverse  rltrnst  for  slopping  or  forward  thnnit  fur  a  go-amund .  Tlie  l/illont 
was  a  control  bandwidth  more  tliari  adequate  for  all  other  controi  Iniicllons. 

IKl'C  .System  dapablllcles 

‘ilie  overriding  reqnl retitutC  ot  tli«  I ITC  syslem  wau  stated  to  he  "c.-ipahle  •»!  lomii  )y  Iniuy.r.il  lug 

>1 1 1  'mpuctH  of  fHohf,  enylns,  i»n«'  . ~le  cr-«trol  inrlM''!*,,  .lerodyr'amtc  ut'a'cr,  ingiiv 

thrust,  thrust  vectoring,  thrust  reversing  .nid  dlffcreotlnl  etflux  mo«Iii1.it  Ion,  «*o»itrol  ami  Ktnl>lMly 
augnicntaClon.  I'lgli  lift  system,  steering  and  brsklng".  The  Inteot  was  t*>  the  u.idetstHiidlng  tli.it 

InCcgr.ition  was  «mi  o)>|ective  ot  Che  demonstraclon  program,  not  lubt  n  meann  ■•lileve  »>isHloii  reipilrc- 

ments.  The  IF'PC  system  wan  required  to  provide  "good  Inoor-loop  stability  .o»d  po.-.lilv,  manual  control 
In  all  axes  of  the  air  vehicle  throi'ghonl'  Us  Intended  opevallng  envelupu  heth  In  H  In.lil  and  on  the 
ground  (batlsfylrg  the  Inceiic  ot  MJ  l,-K“8785C)".  This  »nh|cctlve  re<|ii'rttineiu  wns  Intended  to  convey 
that  we  were  seeking  good  flying  qualttlen  evur  Cho  whole  envelope  guided  piore  by  thu  Intent  tliau  the 
lector  ot  chu  speclficacioii.  This  recngnlzes  that,  while  the  (tUuiit  Is  to  provide  llylig  qnal  tiles 
clearly  adequate  for  the  misulon.  the  IcKcr  of  Ch-'  s|i«r 1 1  lest  Ion  Is  no  gnarantee.  lu  addition,  tliu 
requl  I'eiusiit  for  'poslClvo  manual  control*  vna  iiitvnded  to  preclude  roiisiderat  lun  oi  antcAatlu  Idiiding 
systeniH.  for  Instance.  It  was  also  recogiilred  time  HlI.-r-fl7H'ii:  hud  tio  reqnlrumeiii  to  ajiply  (uveii  f«*r 
gnld.'iiiCi:)  lu  the  propusod  landing  task.  This  led  to  an  eyplfclt  requirement  that  "spuffj  l  eniphaslM 
shall  lju  placed  on  prerlin'  flight  path  rontrol  for  minimum  <IIsperslnn  i, ending  (defined  as  fi  (hiteyory  A 
Flight  Phase  tracking  task  per  Mil. -K-H/85C).  This  yields  both  .a  qiial  1  tjii  Ive  requirement  to  treat  the 
lundliig  as  a  tracking  task  and  a  quantitative  cflect  of  raising  tliu  nilnliman  accviit  .iIj  le  values  of  short 
period  frequency.  The  nne  uther  flvlng  qnalltlvn  requirement  ihut  was  vxpllcltly  called  <.ut  In  the 
{Itateineut  of  Work  waa  to  ininlmize  tii.ie  delay,  I.e.  lag  In  Hlrrrufc  renpoUHe  to  pilot  control  ln|uii. 
Altliough  thu  Importance  of  time  delay  Is  more  wlilely  accepted  now,  I*-  ntlll  should  he  .m  e<pllelt,  hard 
requirement  lu  any  uonirol  ayaietn  tu  be  dc.slgned  foi  any  pr»‘cls.e  tusk.  The  gener.nl  uybtem  requirements 
were  completed  with  departtire  ruslMtance  and  spin  recovery. 

Hlsslon  Task  Oriented  Control  Modes 


Specific  lllght  control  modes  were  required  with  -lie  ruiUiiiale:  "In  order  to  provide  the  ability 
to  iiHseNS  taak  perfniiOHiice  and  oilnlnilze  pilot  worklo  I  In  the  flight  vehicle,  the  Integrateu  system 
shall  also  provide  the  flexibility  to  psrmi:  Inlllght  selection  of  mission  tusk  urienteci  ininiinl  modes 
aa  determined  by  Hiialysls  and  simulation.  Mode  switching  tranalcnla  uhall  not  pro^iuce  un^jufi’  nlrctaft 
rt'Kpunaes.  As  a  minimum  the  following  luodes  are  ru'-uired. 

A  conventional  mode  ahnli  be  deulgned  for  aetlafactory  perf*»nnancc  over  the  1  light  ti  :t  envelope, 
Including  convent  tuna)  landirig,  without  the  tJse  of  tbj  added  technologies ,  This  mode  will  aarve  as  a 


h.iscllne  for  perfonn'ince  evaliiadon  and  aa  a  backup  In  the  event  of  raultlple  failure  oi  chc  new  tech¬ 
nology  cociponencs. 

A  STOL  mode  aliall  he  designed  to  provide  preclae  manual  control  of  flight  path  crajectr)ry,  airupned 
and  liircraft  attitudes.  The  Integrated  control  aysrem  and  other  technologies  ahal)  he  combined  to 
provide  short  field  performance  In  weaclier  and  poor  vlalbtllcy.  The  purpose  of  thin  tnude  is  to 
ralnimlze  pilot  workload  during  precise  manual  laiidloKs*  high  reverse  thrust  ground  operations  .ind 
tnAKlmum  perfumiance  takeoffs, 

A  cruise  mode  shall  be  designed  to  enhance  normal  up-and-away  and  cruise  task  performance,  with  and 
without  external  stores.  The  purpose  nf  this  nude  1h  to  tiae  the  Integrated  control  syntnio  and  ocher 
technologies  to  opclmizi:  appropriate  measures  of  merit  representing  an  lopruvement  over  the  cruise 
CHpablllty  ol  the  baseline  aircraft. 

A  combat  mode  shall  be  designed  Co  enhance  up-and-away  tBaneiiverabillty,  wltn  and  without  extornal 
Htcrea.  The  purpose  of  this  mode  is  cu  use  the  Integrated  control  aystera  and  other  technologies  to 
opt  imlzc  appropriate  measures  of  merit  reprasentlng  an  Improvement  over  the  combat  i^aiieuvcring  or 
weapon  delivery  performance  of  the  baseline  aircraft.** 

Tiie  different  modes  were  called  out  in  chia  fomi  for  technology  demonstration  purposes,  wlcli 
general  guidance  as  to  the  intent  of  rsch  mode.  Once  the  benefits  ol  the  rechnologles  have  been 
identified,  it  was  expert^d  that  they  would  he  Implcnienrvd  differently  in  any  production  application. 

Control  System  Ueal^n 

The  bsNlc  ntriirtiiro  of  the  integrated  rn'iCiol  system  was  re^piired  to  "be  digital  fly-by-wire  to 
provide  flvxihllity,  precision  and  iaiilt  tolerance".  Orfgtnailv  there  was  to  he  the  opclun  for  ^ 
hybrid  syittem  wltli  the  intent  of  re^jtiirlng  that  ftinctlons  he  parc(tioiied  ejeher  digital  ur  analog  as 

oprlat  e .  fii  practice,  a  modern  digital  e/atem  eatisfies  this  icqui  remciit  to  a  largo  degree  whereas 
the  tarn  hybrid  would  liuve  teen  amhfguoiia.  The  -Statement  of  Work  alao  allowed  dlattlhuted  or  ieUerated 
proci'ua lug ,  leaving  the  choice  open  to  the  designers. 

The  aystem  wau  required  tu  he  deuigned  with  the  stability  raargfiiM  of  HI  l>-F-94h01)  as  design  gosla, 
iollcwed  hy:  ".Such  slngle-input/alngle-oucput  parameters  iray  l>«  tu»  rv.vt rlct Ive  or  too  leuieiin  for 
diliureiit  aspecca  of  the  i  Ki'C  system  in  achlnving  the  desired  compromise  between  :<tabllity  and  tierfor- 
nmnee.  The  contractor  .shall  analyzs  and  ducuotent  devlatloiiw  frum  'he  Hr?,~K-'94*h)i>  reqiilrementu".  This 
was,  therefore,  a  reqiiireiiieiit  to  validate  or  correct  Cii«  bdh  gain  margin  aii'i  plu.'^e  margin  for  such 
H  complex  ayutvra. 

although  not  In  the  Scaleaieiit  of  Work,  an  'Infoimal  requlrcmenf'  t'>  uae  luijdern  control  (henry  In 
the  syatet.  design  was  alau  Irapofleu .  The  intent  of  (hlH  was  co  achieve  the  most  benefit  Iru.M  the 
nulilplf*  control  effectors,  and  to  atippori  the  ob|ectivc  ol  Integraclon  as  .i  Jnipport iiig  techuolugy. 

Ahhd  UATA  tlA.Sl;  DKVFl.di'MhNT 

The  hflj.ellria  F-|S  Is  a  couvcntt<mal  MJ60' <  flghler  de.vfgn  le«(iirl|jg  n  s  1  gni  1  Icar.t  level  of  atatlc 
stahIHty  1(1  'ill  axes  and  tii«!  usual  aerodyinimle  control  i'urfarvH.  The  S/HTI)  acrodyioimic  uata  base  uaa 
>ini((uely  Lonscructed  iialng  vlnu  tiiiniel  «lAtA  and  the  I--1S  fliglit  tlirlv«-«l  data  I>ihc.  A  conipreheiiKive  xet 
of  wind  tuniiei  tests  were  perfornod  Identify  hutii  the  ueftulynaailc  rh-iraccerlst  Irs  aneocinted  with 

the  slrlrinii«  (nndlt  Icat  lone,  and  the  jet  Induced  effectH  aauuolaCvd  with  vectoring  and  with  vanr 
operation,  hxtenslve  tuatfng  was  else  porforned  lii  ground  etieois  to  provide  a  complere  data  base  lor 
gru'iiid  hsndlluR  analyses.  The  addition  of  canards,  a  vcctoilng  no/zio  and  rover'^er  vanea  Introduced 
coin|)lex  eerndvnsmlc  Interuotluns  that  are  ime  preaent  on  the  P*IS.  An  extensive  analvala  of  (lie  wind 
Itiitiiel  data  wae  penormed  to  ueliue  these  effects.  (luideJloea  were  eHtal'Ilshed  to  «l1ctate  wlivu  an 
Incernctlon  was  large  ruiough  to  warrant  liicJuslon  In  the  dam  biiae.  Ah  un  example,  only  moocut  cMerts 
s'ltilvulenc  to  1/4  deg  of  stahllator  or  I deg  of  allwiuii  and  (udder  vev**  Included. 

The  fitdtli’  Htahjllty  cli.'iractei'lst  Ics  at  low  t«*  modernle  .nngie'?  i.f  ultack  fnp  to  1*4  tlcgveeo)  ware 
defined  hy  adding  wind  tunnel  rqeaaiircd  iucreineiits  due  lu  the  canaid,  tui/./'.lr'  ond  rotating  vniieu  1o  the 
!-■  I'l  [light  derived  data  base.  The  wind  tunnel  tc.''tu  tued  f -i  ul.!,;  .i»c  drifued  'n  FtjpTO  /.  A*m' 
shown  sra  Che  hasclliie  coiil  Igurationa  tested  from  whli'h  the  iiicreoicnta  w  '  -  pte.iaurevl .  Above  10  degrees 
•ingle  of  attack  the  K- 1  ^  data  were  completely  repl.lcv-I  with  the  .‘'/HIT  hi.-'  angle  «  attack  wind  tunii&t 
rvsultH.  Mince  the  high  angle  of  attack  data  were  only  olit«liie<l  at  low  speed,  i  lie  d«tu  ahove  .10 
dugrues  Ih  liivarliint  wltlj  Mach  number.  Between  and  10  degrees,  th»-  data  were  faired  I  roui  one  data 
•let  to  (lie  other,  1)1 1 1  ereiice;:  fn  the  two  d.iic  uetu  were  generHily  small  tn  thtH  angle  nf  att-ick 
reglnn,  ininlin  17  lug  the  talriiig  chat  was  needed. 

The  el  i  er  t  Iveiieus  uf  the  various  control  etfeciuis  was  taken  directly  from  wind  Cininel  Lohc  Jatu. 
Ilils  Included  luith  the  control  devices  coainon  tu  the  hnslc  K-l^  and  the  added  conttol  effectors. 

Coirpar  1  SOUP  wlcli  the  data  base  were  made  where  pimulble  to  check  the  validity  -if  the  results. 

Mlmilnrly,  the  F- 1  *i  ground  elfects  data  were  completely  replaced  with  wind  tunnel  teat  data.  The 
baaeliiie  conf  Igu  rat  I  on  naed  to  define  the  ground  etfocts  increment «  wa«  the  S/KTI)  out  ol  giiauiJ 
e  11  V  c  t  s . 

7h«  d^iicutiic  derivatives  were  obtained  frnni  forced  ouclllntlon  wind  t'liinel  data  obtained  at  unglea 
oi  attack  from  fl  to  90  degree.s.  In  Home  are.iB  algnll  leant  data  aratter  fiom  repeat  ruus  occurred.  In 
these  cases  the  /lat-i  were  coiDparcd  v/icli  data  from  other  aourcec.  The^e  Inclndei?  F-ls  eatlinated,  wind 
tunnel  and  1 1  Iglit  derived  data,  wind  tunnel  data  from  other  F-lb  modification  pr'.'KraraH  and  S/MTH 
estliiisted  dynanilc  derlvsilvea  the  strip  tliei«iy  prngram  nTNAMIC  (Beleience  If  the  Inf  uTtiai  Ion 

from  cliM  additional  data  anurcts  was  Incuncluolve,  the  moat  critical  teat  data  were  uaed.  The  dynmnic 
derivatives  at  higher  Pubaunlc,  transonic  and  superaonic  Mach  nunbera  were  esciiuaCed  using  DYNAMIC. 
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All  (iaru  presented  are  In  body  axebt  and  are  for  a  IG  trie  cundltloits.  The  trim  anf^le  of  artack, 
stabllatijr,  canard  and,  where  applicable,  nozzle  position  are  Included  lor  reference. 

Canard  Effects 

The  most  obvious  effect  of  the  canards  Is  a  deatanlllainx  Incrcncnt  of  pitching  moment  vur>i\iH  angle 
of  attack.  Figure  3  shous  the  comparlfton  of  S/HTD  controls-f Ixed  neutral  point  with  the  F-15B.  There 
are  shiftR  of  approximately  I5Z  HAC  at  subsonic  speeds  and  12X  at  anpersotilr  speeds,  the  dlffei-encen 
being  attributed  to  the  canard  dovnwauh  effect  on  the  wing  changing  Irom  auhsonlc  to  auperaonlc 
conditions.  The  flaps-dovn  neutral  point  Is  also  seen  to  be  che  same  as  the  luw-Kpeed  flaps-up  value. 

('oncrol  effectiveness  of  the  canardy  In  pitch  is  shovn  In  Figure  U  to  be  very  close  to  ..he 
predictloiis  and  approximately  half  the  va'ue  of  the  stabflators.  /tn  expected  rhunge  In  staUllator 
effectiveness  was  not  seen  In  the  vind  tunnel  results,  which  also  verlfleil  tliui  canard  deflection  did 
not  affect  any  of  the  other  control  surfaces. 

As  can  be  seen  from  Figure  1,  the  canards  are  at  a  significant  dihedral  angle  so  that  they  ilso 
de-stabllize  tite  yaw  axis  sign! f leant ly.  Figure  *>  shows  the  reduction  acpcrsonlcully  -  the  static 
directlona.T  stability  la  actually  ;^eru  at  Mach  2.0,  At  tlie  name  time.  It  can  be  seen  tnut  the  •:oniri- 
hiitlon  of  differential  canards  to  yaw  control  power  lu  approximately  rhe  same  as  die  rudders.  Figure  b 
gives  the  level  of  dynauir  stability  and  also  coTitaine  an  exaioplc  of  the  effect  of  dilfsrent  wind 
tunnel  data  suutcea.  The  •  wo  sources  agree  up  rn  an.ile  of  attack  hut  differ  significant  Iv  above 
that  value.  The  most  conservative,  least  htahlliiv,  data  was  used  In  the  d^wign  leading  to  an 
arbitrary  limit  of  30*  for  the  initial  flight  leuts  to  avoid  the  expense  of  clearing  a  high 
siigl  e-uf-at  tuck  flight  envelope . 

Vuctorlng  Effects 

Pitching  moment  due  to  vectoring  Is  shown  In  Figure  7  compared  with  the  stahllator  and  usnard 
powers.  The  expected  rcHults  are  indicated:  the  aercdynanlc  controls  are  isohI  etfertive  at  hlgli 
subsonic  and  Jow  superaonlc  appeds;  thrust  vectoring  hecomeK  comparable  .'it  high  supersonic  speeds, 
pitch  vectoring  exceeds  neradynamic  coiitrols  at  low  Hpeed.  A  inurp  practical  assessn^nt  ol  rhlH  lusl 
result  is  to  consider  that  the  aevu.lyitaoic  control  effect  Ivwuo^is  1h  tending  towaidu  zero  whilst  tlirust 
vectoring  retains  Its  effect  Ivwnsas.  This  Is  Illustrated  im^st  effectively  hy  the  low  speed  iiose-dowii 
recovery  Bumunt  Nhown  In  Figure  8  ^  more  than  five  times  the  pitch  race  Is  gcneruled  In  one  Necund. 
Obviously,  the  coni  Iguratlon  has  the  vapublllty  with  p'.tch  vectoring  o>  meeting  the  reenvury  crlicrl^i 
at  an  angle  of  attack  much  higher  than  30”.  In  addition,  there  are  modernte  Inci eases  In  zero  lift 
drug  at  aubsanlc  speeds  and  negative  or  very  Hllglilly  positive  drag  Increments  at  supernonlr  NpeeilH. 
I’Ungitudlnsl  stabllKv  is  not  sflevted,  but  there  Is  a  slight  drag  polar  rotation.  IneremeiitK  doe  to 
up  Vectoring  are  generally  Ivas  chan  those  due  tc  down  vs<;torl'«K.  Thv  basic  lucrements  due  to 
dlffet'entlai  vectoring  ere  snail.  For  ct>npijrlHon  ,  *30*of  d  ( t  f  ersnr  Is  I  vectuvlng  give  a  lolling  monent 
ccsrilclent  equivalent  to  approx  Itnace  ly  3”  '>1  dil  t  erent  ial  aJleriMi  d(*llect]un.  More  s  1  gn  ( f  I  cant , 
however,  fUe  differential  vectoring  «itlect  la  liidepeiideni  ol  angle  ol  attack  (Flgnis  ^1.  Thsie  .'ire 
also  slifefiirce  and  yawing  rnomenta  cnnnlstent  wirh  tliv  up-vvcior  geuerstlitg  a  Do>  Itlve  pressure  on  the 
inside  of  die  veriicsl  tall. 

geversar  Klieets 

Samples  of  the  longfi'-dinal  eitects  ot  reveraer  vane  angle  ato  shown  In  Figures  10  (.siihHi'nic)  tnid 
11  (supera.^nlc) ,  Vlie.e  a<  large  nose-down  pitching  tnoreeurN  even  though  th,*  etler,-  on  lilt  Is  (iislg- 
nlficaiic.  The  lergeut  increment  Is  when  the  revtTsec  la  llrai  deployed  to  an  ...iglc  of  (lliere  In  no 
stesdy^gtaie  operation  li.  the  transitlou  region  Itom  avowed  or  zero  del  leer  loo  m  4^*  dof  lect  hmi . 
Noae-dowii  inomeno.  <  oi-i  (une  to  Increase  up  to  the  uaxlmuu  vane  angle  oi  I'l'j*.  iUnilt  liingl  i  ml  i  na  I 
atahilitv  1«  not  Migni  f  leant  ly  affected.  The  Induced  drag  Iiu-reidenla  ure  ipilie  large  suhsonlciinv  .uid 
relatively  small  aiipecaunlcal  ty.  but  show  no  apparent  rotavlon.  It  can  nlso  he  seen  In  Figure  In  tliat 
the  Induced  drag  haa  a  maximum  and  In  reducing  again  at  a  vane  angle  of  13%'’.  Nmie  ot  the  longlfinlln.nl 
iiicreioeiUH  due  to  reversing  are  ntlf><ad  by  a'denlip  angle. 

The  lateral  and  dlrcctltinal  dura  simw.  i4rge  .ind  vldelv  vniVlog  vllects  of  vnn,*  angle  .iml  uir.:rlc 
pr«M«iite  iHtlo  (Nl'H).  Figures  12  (unhHonlc)  nn<l  I'l  (superwonio)  pteneot  the  dat.n  In  the  ti'rm  n{ 
lucierieiits  of  Hloeiorce,  /.swing  laoiueut  sml  lolilng  RKimeut  nl  ot  uIdcMilp  angle,  l.e.  •’ 
representation  of  the  derlvuLivea.  At  M.n  h  (1.4,  Ffgur'!  I2a  ••.hows  relatlvvlv  minor  efiec-ts  ot  v.c.ic 
angle  on  di  lect  lonal  stability  at  M’F  lU  7.2.  ■■'I'r  an  NPK  of  A.  Figure  1  *’h  hIiowh  an  extreme  Ions  li> 

dlrhttioiml  wtnbIHty  for  vane  aiigle  xre.iter  than  vti".  At  supcraonlc  apeeda.  Figure  13  nhows  Imge 
losses  in  dir  ec  t  loii/il  Htabllity  uC  ciiy  vane  aiigl**.  I.ateial  atablijry  ahoWs  an  inltl.tl  incie.-iKt-  tlien  •« 
tlecrejise  with  Inciaaalug  vane  angle  .it  suhsoiilc  apeedn.  Agolii,  iU«  largest  decren.ie  la  at  tlie  higher 
NI'K  in  Figure  12h.  biipcr  Honlc:il  iy ,  Figure  13  .shows  .sinulj  Ini-nMueM  In  lulerul  sLahiilty. 

Differentia)  reveraiiii'  ellectn  Cf-*-  7<^ro  on  one  eiiglue  and  inaxluiuui  on  the  orher)  uii  sliovn  In 
Kigurca  14  a.id  .5,  with  modeut  yawing  ihuhiciiLh  vt|ulvaliuit  lu  approxlmatsly  %*  ot  rudder  and  nagllgIbU* 
rolling  muueiitu.  It  In  Interesting  to  note  that  the  iiil  iucnce  ut  NT"  In  negligible  Hubsutilcal  ly  aiul 
significant  sup^rsonicijUj ,  Coiujilcie  lei.iing  wa.’j  done  .if  tiie  effec*  oi  vainr  angle  and  rcr.-.Ie  preHauru 
tutlo  on  the  otliei  control  Nurface.s. 

CONTROL  SYSriCH  UKVF.LOIHKNT 

AlthoiJgli  tiomf*  aspects  oi  tlie  K/MTl*  devei»»piiienr  were  conatmlned  by  inudilying  an  existing  uircratt, 
the  Integrateil  FI Ighi /Propul Sion  Centrof  ( i  Kl’C)  uysten  Is  nn  all-new  lupleitenmt  Ion  between  the 
existing  cockpit  coiiLmlH  and  che  control  aurfaccn.  The  existing  mechanical  contiul  uystein  with 
analogue  Conmiand  Augmentatlou  SyiiCem  has  been  replace«l  with  a  nusdroplcx  digital  fly-by  “Wire  system 
designed  to  the  requirementa  atated  previously.  Figure  16  ahoWH  tlie  »>vtrall  layout  of  the  I  FPl*  eystem. 
Kltctrlc-al  algiiais  irnm  Linear  Variable  111 1 1  rrent  1  al  TiaiisJucevs  (l.VDT'al  rrpreHemiiiK  stick  and  pedal 
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dell<j^cionM  ^re  Ruoued  wlcti  appropriate  seninr  inputs  in  c-if:  Klf^ht  roni:olIer<  r^mcrol  coiranHudH  aro 
afc.^r.  either  to  nev  ulrect-dTlve-vnlve  actuntora  fur  thi-  aerodvit^tretc  Murfacea  i  r  to  ine  Nozrlc 
Contrc'.lor  for  veccorlnx  ^nrl  reverslnK  connai.ds,  7he  Korzle  Controller  InteRraCtH  th*.*  coaiiaaiuJH  wir>i 
pjizle  exit  area  raqueets  from  the  DiKitul  Electronic  Control  (which  in  nlven  priority  In  ra«e 

of  cuntllct)  lo  poaltlon  either  the  convcrftent  and  dlve^'gont  Map  pna’tlcrns  or  die  revererr  v/iiif  fin^lo. 
These  contra*  capablllLlcH  have  pravided  the  aMllcv  to  im**l  all  the  requlrcirieiita  stated  pve*'ioiiMly; 
the  final  conpleBant  of  cnrri>i  tuudea  ia  Mated  M  KlKorc  17.  Note  rhac  the  reqtiiied  ",STi)I.'\  oiode  ly 
iippleiBcntrd  aw  tliree  urparace  yioduu  la  the  final  design.  1  he  final  cnntent  ot  the  CRIlESK  and  CllMPAV 
inndea  la  alao  preHcntcd. 

tanarJ  ituplettienta;  ion 

Figure  Ifl  sufflinarlzwH  haw  the  canards  are  used  in  tlic  CDiitrn]  lawn.  l.e.  schndiiled  vltli  nn,:(l>  of 
attack  and  eieo  uneJ  fur  control  in  various  avei..  The  pitch  c«mtrol  pv>wev  the  cananlH  Hflnrcis  h 
convenient  way  to  rceture  nuasonlc  htstlc  Ktahillty.  i!an/ir«l  d«flo.-t1on  Is  .srhednloi  a  Hnc-ar 
function  of  anple  of  attack.  FlRxrc  I*)  provlilea  an  exaaple  ar  Mach  n.<9,  siinwlof;  aim?  the  iliifcrcncc 
batvern  the  FRUTSE  and  CONI^AT  nodes.  ITie  slope  is  the  aaoie.  vl*ldlut{  the  najie  'ev»-.1  of  Ntatir 
stability  In  both  tnndes,  but  the  Interrepts  wnre  chosen  ro  elvc  oinfmiii)  draK  -ti.  Ik  in  the  c'RIUSK  med'? 
Slid  at  higher  load  fertora  In  the  COMBAT  mode.  At  au'iersonlc  npeeds  the  canard  schedule  HallsfieR  ijoru 
than  one  deslKii  requirement.  Of  coorac,  the  conflp.urarinn  HiiiferN  eKcesH  stability  su  the  csnardH  are 
Hchcdulud  to  reduce  stbMlity.  In  addition*  hiuKC  noients  are  kept  w<rbln  Halts  and  sufficient 
differential  capabilltv  in  retained  to  provide  vaw  control.  FiKure  20  sh'-W’<  the  data  at  Mach  1.6,  the 
canard  schedule  is  deatabi  1 1z  Iiik  over  .i  range  c-irt  espond  liit<  to  sppi‘c.xlu)al  e  ly  I-Sk  In  alt  coiitvol  iriodos. 
The  achedule  at  higher  angles  of  attack  Is  atahllfring  to  oupp^^ri  an  overall  ileaign  ph  I  1  osopliy  of 
always  having  A  st.'ible  pitching  eo.teiit  break,  Ine  adtue  char  ictcrinrlc  h  arc  also  echlhired  In  the 
tlaps'down  rnn  f  I  gura  C 1  'n  kIioWd  In  Figure  21.  T/illoiliig  atal  ic  stability  In  tills  irnhior;  a  1  mo  h.iJ  ,iii 
Indirect  benefit,  flult  Ivat  inble  control  theory  (l.e.  Ilonevwcll's  Mne.ir  QuadtMCic  ><aah.siaii  with  [.ciop 
Transfer  Ilecovery)  was  used  fii  ihc  dwulKn  process,  KefereiicsM  J  and  An  unsta)>]e  coiif  igiirnf  lun 

requIts.M  spucial  treatinciit  In  this  devlyn  pcore.ia,  hut  it  was  verv  rnnvenleor  ond  strnighf  rorwnnl  tu 
deuigti  to  the  Htaoie  vonrigiiratlon  with  raitards  on  chelr  nnyiv  of  arfara  Hchednlu.  t'hoice  ot  tliki 
canard/aiivle  uf  attack  achedulo  wsh  .s '  so  itifiuen-.'ed  by  cot'Hlderatloos  .>t  lateral  ti  1  reel  I  ni'ul  aiabllitv. 
Figure  22  sliuwo  ('  as  a  fnr:cllou  ui  angle  of  atinck  fi>r  tlitteteiit  Ctiii.ird  de  1 1  eL  t  .  Tlie  data  In 

t.hlH  Figurw  la  fol'^a  eldeslip  angle  ui  7^  hecsiise  vtAhllli/  tiuteaseR  aiiove  that  value.  Ah  can  hr 
acen,  chare  a.‘«  blgnlfleanl  regloue  uf  negative  C  .  which  are  avuldvii  with  the  •  nnarus  on  liii’ir 

achudiile. 

In  the  ’enhanced'  conUol  catideu  (l..i.  otfier  tlian  CoNvl-'Kl'ioMAi  >  th«  •on-’rda  -ire  also  i^aed  an 
abort  “t.Sfra  pitch  ronCryl  elferforA.  .“hay  deflect  au  a  fnncil'in  o<'  pllct~f.tlck  input,  but  are  then 
"weahad  nut"  .ind  ryi.'tn  to  the  A<*A  scliwdule  lesvlny.  the  atsbl  • 'ic<>v  an  i  I's  long  icrvi  ttlw  runtfol. 

Ill  f  fsrenLlai  -anard  deflection  is  uaei  ai>  n  control  effector  lo  rliffeveiil  vaya.  In  the  flapsMip  finriev, 
dti  ferant  la]  canerds  are  iiHed  in  augoient  the  vow  control  power  oT  i  hr  ruddtrH  inciniiiny  dynsmli 
st.ibillty  aitgneiitntiuii,  Ak  on  exuniple,  (he  eddlciooMl  cuotrni  power  pluo  yaw  race  iceiiback  t-..'ii,hliie  to 
pake  A  hipfi  --ipeed  ..f  s'l^wcnt .it  Inn  ui.  one  engine  Into  n  henlgti  rreoh lent . 

KlvipH  down,  differential  csu'cd  La  uaed  oioHt  eil^-ct.ivelv  In  romh  loot  liMi  will'  riuhivt  tlclleriiun  lo 
couBond  diiect  s/d«loi-c«  Co  loeat  the  crosswind  rfli]iilrviiieiils.  On  iliuil  appromh,  <lirucL  Hidrloire  In 
cootfflsnded  by  Cliw  luddei  pedo.lN  which  is  a  natur/il  pilot  ac'^vn  In  u  crosawhul  londfiig.  1'lie  ovt'inll 
eiferi  la  to  give  the  iip|.eacanc«  uC  u  ciuaswfiMl  time  is  uppr<.x{.n.'itely  halt  the  ocuiol  vulnr.  Alter 
toujiulown.  In  the  ground  1u(idiii>'.  ciode  to  he  described  l.ilwr,  dlicct  Kidefoicu  la  (-o»i;D.’)ndi.'<i  by  leterni 
stick  in'o  the  wind  *■  agHin  a  netursl  pilot  action. 

Vectoring  hap  latuniitat  Ion 

In  dinipla  tetmi.,  plccli  vectoring  is  Ir.tegrared  Into  the  enhanced  mudwn  nor  ]nar  added  nh  lin 
Increwental  '.umcrol  effector.  Thux,  l-lgiire  7^  reprenaiUw  (he  difference  beiween  two  mmiej  ili*vlgiieil  to 
neat  r«(|tilrcni«ntH  on  I  lying  quaMvIes.  gain  nod  pltanv  mnrgln,  etc.  --  ll  In  Ihe  rvell.stii'  Incicinent  (ti 
pltctilnp  capability.  It  ehuw.i  the.  nbflUy  to  pitch  up  for  a  'snap  shot'  with  fo.ivhe  a  hnK  >t'c:,iid 
advantage  even  «f  power  tor  levyl  fllpht,  nut  full  capabl  1  iiy.  KtiiiaMy  itu'xn'tnnr  in  <.>nh,u  1h  the 
reduction  In  lime  rc<|ulred  to  pitch  back  d<»wii  .ignin  In  urvirr  to  reKsIn  energy  (nJcctuly  aliown  in  Flthift 
7).  Anntlier  bHiielJI.  <if  vectoring''!  cnmeH  In  uioxfniuin  perroioiuuce  tnkeoll'a,  Klgiitci'N  hI  Iteavy  wi'tgUCM  iirv 
frav,ueticly  IJolled  by  tlie  pitching  moment  reqnlrod  ic*  rot.ite  to  takeuM  'itlicnio.  With  pitch  veitorlnp, 
Ilf  cnaxltnum  nfterbumlng  thrust,  rotut  U>n  1>>  avnll'ihle  nr  the  opTlmiim  apertl  for  tiikcui  i- 

Tlie  iiorzle  vector  angle  is  ol-So  on  en  aiigle-ol  attack  .aclicdnle  Lt»  iii(nl..ilxe  doig  In  both  f'ltUISF  unti 
FOMBAT  loodea  at  aiipfisonlc  sjieedu  {uee  Figure  76).  Thlu  nrhcdnle  relieves  Iho  eCnhf  lotor  letjulml  lt;r 
trln  St  Che  hlgii  levels  ol  static  atMoIlIiy.  Kxitinplen  ot  the  drug  poll, in  whlci)  renull  liou  tht* 
coiiblried  canard  rnd  vector  scheduler  are  given  In  Figure  Suhsonlcal  ly  there  1h  n  tero-llfi  'irng 

penulrv  hut  the  baneM'H  at  blgl?ei  lilt  coei  ff  c  ('’nts  artr  appurenl.  An  opt  Imum  ]>leiir!  ol  thv  two  inodeH 
would  o'ovioualy  be  used  in  a  production  sppl  lent  Jon,  brag  beiiellfs  nt  all  lilt  coal  1  Iclence  are 
leallzad  «r  anpcrnunle  condlriotiH. 

Keverser  TmplemanCgt tun 

In  the  (JKUioK  and  CUNHAT  mode*’,  vane  ronttol  lo  provide  lii~lllKht.  rhruu^  roveruing  la  lr:tegrated 
Inf-;  iiorwal  Clivovtia  action,  Figure  26.  Fulling  thu  throttles  slowly  hack  Froff,  mpj.i'u’ioi  nfterbuiner  lo 
Interiuediaf  e  (full  dry  power)  to  i<lle  produces  ahaointely  curvenl  luiisl  rsHponse  wltli  the  engine 
spooling  dowki  to  the  flight  Idle  ni-rud.  Hoveneiit  aft  ol  the  idle  deceitr  will  deploy  the  vaner  to  6‘i'' 
and  then  t<,  135'’  with  cnnciniiad  muvenent.  Uliait  the  vaiien  sra  al  lurtlier  uft  movement  of  the 

throttles  will  spool  the  engine  up  to  100*  Ki'H  at  the  bmxIhium  reverse  thrust  point.  For  rapid  jiovemeiii 
of  Che  throttle,  the  engine  Is  not  expected  to  npool  down.  Itie  pilot  can  therefore  snatch  the  thrnttle 
back  to  comuLond  naxlmum  reverse  thrust  ai>  desliad,  up  ro  the  software  limits.  A  uaxlmun  reverser 
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coaanand  of  "eyeb  11s  out"  lb  Implemencsd  where  this  capability  1«  ^.vsllable,  and  at  high  specoj 
forward  deflection  ot  the  vanes  la  llbilted  to  avoid  exceeding  vertical  tall  bending  tnotnents. 

Thrust  reversing  as  ImpleiuenCed  in  the  SIJIND  control  mode  is  the  key  to  the  short  landing 
capability,  predicated  on  making  the  approach  with  the  engine  at  lOOT  Rl’M  and  exhausting  through  the 
reve^'set  vanes  at  a  trim  angle  of  upproximati-ly  60".  At  touchdown  the  v.ines  are  commanded  forward  so 
that  thrust  reverting  la  available  with  virtually  no  time  delay.  Al&o  contributing  to  the  landing 
capability  Is  minimum  touchdown  diuperuion  achievable  witii  this  mode  (see  also  Relertiices  ■■  and  5). 

The  characterlbt Ico  of  the  reveroer  vanes  give  high-bandwidth  control  of  the  speed  axis,  and  the 
control  laws  were  designed  to  decouple  the  speed  axis  from  the  pitch  axis  (Figure  27).  To  achieve  tills 
the  control  effectors  were  ganged  Into  a  "moKent"  effector  and  a  "thrust"  effector.  The  stabilator* 
canaro.  trailing  edge  flap,  and  differential  (top  and  bottom)  rotating  vanes  are  used  to  produce 
pitching  moment.  The  three  aerodynamic  nurfaces  are  scheduled  with  the  Inverse  of  dynamic  pressure  to 
maintain  a  constant  ;'ltch  effectiveness  over  the  STOI.  envelope.  A  2-sec  washout  Is  used  on  the  canard^ 
flap,  and  vaneti  so  that  the  etabllator  will  provide  ..he  iiltching  tnoideiit  required  to  trim  the  aircraft. 
The  trailing  edge  flap  and  canard  are  used  "out  of  phase":  a  nose-up  moment  command  conmands  a  trailing 
eoge  down  flap  and  canard  deflection.  In  this  u.iy,  lift  loat  from  the  stabilator  is  compensated  for, 
and  ml  II  fmum-phase  flight  path  angle  response  is  .ichlevcd.  The  chrurt  effector  is  composed  of  the  top 
atid  bottom  rotating  vanes  coordinated  to  produce  xero  pitching  moment.  Body  angle  is  adaed  to  the 
thrust  command  to  canpenaate  for  rotation  of  the  gravity  vector  as  the  aircraft  pitches.  The  result  to 
the  pilot  is  that  throttle  poeitiou  coranandK  airspeed  which  is  held  constant  by  the  airspeed  feedback, 
and  stick  commands  pitch  rate  which  Is  effectively  flight  path  angle  rate  command  because  of  Che  speed 
hold.  This  control  strategy,  Including  the  differential  canard  Implementatiofi  discussed  previously, 
has  been  validated  hy  piloted  simulation  as  facilitating  landings  within  a  "touchdown  box"  GO  ft  long 
by  20  ft  wide  under  all  required  conditions  of  wind,  wind  shear  atid  turbulence, 

CROUND  ekkkc;ts 

Numerous  wind  tunnel  Investigations  (References  6-10)  have  Indicated  large  changes  In  the  stability 
and  Control  characteristics  of  the  aircraft  induced  by  the  reverse  flow.  These  studies  found  the 
proximity  of  Che  reverser  to  the  tail  surfaces,  the  reverner  efflux  angle,  and  the  reversor  jet  to 
free-streao  dynamic  pressure  ratio  to  be  key  parameters  affecting  the  reverser  Induced  aerodynsmlCK, 

As  a  part  of  the  S/KTD  development  program,  static  wind  tunnel  test -s  were  conducted  to  determine  the 
Jet  Induced  effects  un  the  aircraft  during  the  approach  and  lauding  phases.  The  objective  of  these 
tests  was  Co  generate  a  data  base  for  use  in  control  law  development  and  slmulotlon.  Key  resiiltb  trom 
these  tests  ire  presented,  and  where  appropriate,  a  qualitative  explanation  of  the  phenomena  In  terns 
of  the  classical  V/dTOL  flow  effects  .re  postulated.  Host  of  the  stability  and  control  results  are 
presented  In  terms  of  force  and  moment  coefficient  increments,  defined  as  the  Jet-on  minus  the  jet-off 
values.  Reference  1C  gives  a  more  IndepCh  analysis  of  the  basic  flow  field  lnter<*>''Cions  induced  by 
thrust  reversera.  Anotlier  recently  cosipieted  series  of  teats  (Rcierencc  II)  used  a  moving-Tnode)  metiiod 
to  investigate  Che  Influence  of  rate  of  descent  while  reversing  on  the  appro.Toh  aerodynamics  of  the 
S/MTD.  A  comparison  of  this  Investigation  to  the  static  wind  tunnel  test  results  is  also  presented. 
KtnalLy,  resiill-.  from  a  hot  gas  ingestion  test  are  presented. 

Static  Wind  Tunnel  Test  Approach 

Ground  simulation  was  achieved  using  a  fixed  ground  board  which  had  n  rra'ling  edge  I  l;ip  lor 
runtrolllng  the  leading  edge  stagnation  point.  Thla  allowed  lor  ilow  angularity  coniro)  ahead  of  tiie 
ground  board.  The  test  vat;  conducted  in  two  phases.  During  the  first  pha.se,  testing  of  the  7.5Z  t>calc 
model  (Fl>,iire  28)  was  conducted  (n  free  air;  at  three  intetmed late  ground  helghrc  (0.20,  U.'I5,  and  O.f' 
h/h) ,  at  angle'  of  attack  from  xero  to  twenty.  Testing  was  also  condtirtud  at  Ending  ge:»r  height  (0.  i  7 
ii/b) ,  but  only  at  zero  angle  of  attack.  The  second  phase  of  the  tesl  was  cundneted  solely  at  landing 
gear  lielght,  and  angle.'*  uf  atrsek  up  to  six  degrees.  During  this  phase,  a  shortened  ground  hoard  was 
used  In  order  to  oilnlmlzv  tlie  ground  board  boundary  layer  efiects.  During  both  phnsea,  testing  wnn 
conducted  at  three  nozzle  presnure  ratio  octtliigs;  l.O  (|ct  off),  2,2  (reduced  power),  and  2.7  (nominal 
approach  power  setting).  The  angle  of  sideslip  and  nozzle  pressure  ratio  were  held  cunsiani,  while  ihe 
angle  of  attack  and  tiinnej  sneed  were  varied.  Due  to  the  cronswliid  rcquireineiil  uu  tliu  S/Kl'D  prngrani, 
the  sideslip  angles  tested  varied  fron  -1(1  to  +30  degrees  while  t»t>  the  ground.  Parametric  variatlouH 
on  all  control  surfaces  (canard,  tall,  rudder,  flaperon,  and  aileron)  were  tested  to  dctcrmiiie  the 
impact  of  the  reverser  Induced  flow  Helds.  The  upper  vanes  were  set  at  135  degrees  fur  all  runs  .it 
landing  gear  heights.  The  only  exception  to  this  waa  the  series  of  differential  (left/right)  iippt’f 
revsrser  iiiiih.  A  matrix  ul  lower  reverser  vane  scttlogs  n"'t  forward  velocities  was  tested  to  determine 
the  impact  ol  decreasing  the  Lover  vane  angle  during  rolli"  '  on  the  sinMllty  and  control 
rharacterlstlcs.  Ihla  reduction  in  lower  vane  .mgle  with  velocity  Ik  intended  to  preclude  hot  gnn 
Ingestion  on  the  full  sc.  ilrcraft. 

W 1  lid  Tunnel  KesulCn  In  Free  A lr_ 

Lift  ond  pitching  moment  coefficient  Inurementu  at  zero  angle  of  attack  in  free  air  are  presented 
In  rigures  79  and  30  f.,r  o ..wMnat  1  L,ipo  of  upper  and  iOwa>*  va.ie  «inp,leR.  nhen  tiie  upper  axid  lower  var.c 
angles  are  equal,  the  lift  and  moment  coefficient  Increments  are  both  .nhout  zero.  Wlieii  the  upper 
Is  deflected  less  than  the  lower  voiip,  the  Induced  lift  Is  iiositive.  Slipllar'v,  when  the  lower  v.^ne  is 
^leflected  Irna  than  the  upper  vane,  the  induced  lift  Ih  negative.  Tlie  moment  IncTemcnts  are  very  sinull 
compared  to  the  lift  Increments,  which  indlcaten  that  the  center  of  presiiure  of  the  Induced  forces  Ih 
near  the  center  ol  gravity.  Tlits  rulea  out  Intetpretatluna  which  assume  the  induced  iffcct.K  act  on  tlie 
horizontal  tail.  It  Is  coiislatent,  nowever,  with  the  Idea  of  flow  entrainment  ahead  of  the  ports.  The 
induced  lift  forces  shown  In  Figure  29  are  In  the  same  direction  .ih  the  direct  jet  lift  forces.  Wliile 
the  induced  moment  produced  is  small,  the  direct  Jet  moment  Is  large. 

As  Been  in  Figure  31,  horizontal  tall  effectiveness  is  .iffectsd  by  veveruer  angle.  The  increase  in 
ef f ei.c Ivenesa  results  for  the  45  degree  vanes  probably  rvaults  from  an  Increase  In  the  tali  dynamic 
prespure  due  to  Increased  local  velocities  resulting  from  flow  entrainment.  The  reverser  ports  are 
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located  0.45  root  chords  aft  of  the  horizontal  tail  leading  edge*  (0.)4  cborde  forward  of  the  hinge 
line).  With  the  lower  revereer  vant  at  135  degreea*  there  is  a  rrduc*:lnn  tn  the  horizontal  tail 
effectiveness  lor  negative  (trailing  wJge  up^  deflections,  which  Is  not  cvlde.it  at  the  positive 
(leflecclon.  With  this  vane  setting,  the  reverser  efl'lux  opposes  the  free  stream  flow,  and  significant 
mixing  win  occur.  This  may  result  in  a  local  dynamic  pressure  ratio  decrease.  With  a  negative  tall 
Hetclng,  Che  leading  edge  of  Che  tall  la  In  this  region,  and  this  could  account  for  the  non-lltiearlfy. 

A  similar  non-linearity  was  u''t  found  with  the  upper  reversers  at  high  settings,  preHiimably  because  of 
the  presence  of  Che  vertical  tails. 

The  reverser  induced  increment  In  dlractlunal  ntablllty  as  a  function  of  upper  vane  angle  is 
presented  in  Figure  3?.  All  data  repreaent  a  nor.zie  pressure  ratio  of  7,1  and  a  lower  vane  angle  of 
110  degrees.  Also  Included  la  a  full  reverse  case  (135  degree  setting)  taken  from  resting  at  landing 
gear  height.  For  all  vane  angles  leas  Chan  90  degrees,  an  increase  in  the  directional  scability  la 
found.  This  may  h  >  due  to  an  Increase  In  the  Iccal  dynamic  pressure  due  to  ur.trulnmunt.  Negligible 
changes  were  found  In  lateral  ntablllty  '1th  thrust  revernern  In  free  air. 

The  reverser  Induced  rudder  effectiveness  Increment  ao  a  function  of  upper  vane  angle  is  presented 
In  Figure  33.  Included  with  Che  free  air  data  Is  a  full  reverse  (135  degree  upper  vane)  case  taken 
from  testing  at  landing  gear  height.  The  trends  are  siirilar  to  che  directional  stability  trend,  Che 
largest  Increase  In  rudder  effectiveness  ia  found  with  Che  reveraer  angles  near  vertical.  It  is 
interesting  to  note  that  the  110  degree  vane  results  in  no  change  compared  to  the  Jet  off  value,  while 
It  did  result  In  a  moderate  loss  in  directional  stability  at  the  same  flight  condition. 

Wind  Tunnel  iCHult 8  During  Transition 

Jet**lnduc«d  lift  and  pitching  moiLettt  coefficient  Iricremente  ce  a  function  of  height  above  the 
ground  and  lower  vane  angle  are  presented  In  Figures  34  and  33.  both  curves  show  increasing  effectH 
near  the  ground  as  the  lower  vane  angle  is  increased.  There  la  a  large  Increase  In  the  pitching  moment 
increment,  ae  the  height  decreases,  while  the  lift  increment  changes  from  positive  to  negative.  .‘Xa  the 
aircraft  moves  into  ground  effect,  Che  ground  vor^ex  and  asbOclaCed  suckdown  re>;ioii  begin  to  form,  nnd 
become  larger  as  the  lielght  above  the  ground  decreases.  The  magnitude  of  the  induced  pitching  moment 
coefficients  near  the  ground  is  larger  than  Che  free  air  efivots  noted  above,  and  In  a  direction  to 
oppose  attaining  a  chree-polnc  attitude  for  control  durlui^  the  rollout.  Ttiese  effects  were  a  streng 
concern  in  the  control  law  developmenC. 

Inccebenci.'  at  zero  and  twelve  degrees  angle  of  attack  are  presented  in  Figures  36  and  37,  Twelve 
(Jegrers  is  die  nominal  approach  angle  of  attack  (or  che  S/MTD.  Near  the  ground,  larger  Incren'ents  are 
found  at  the  higher  angles  of  attack,  llils  Is  not  Rurprlslng  In  that,  sb  angle  of  attack  Increases, 
the  horizontal  tail  and  reverser  ports  move  closer  to  the  ground,  fn  uddltlun,  positive  angle  of 
accack  increases  che  effective  lover  reverser  angle.  As  a  result,  che  suckdown  region  becomes  larger. 

Wind  Tunnel  Hesulta  at  Gear  Height 

The  prejcnce  of  a  ground  board  boundary  layer  will  influence  the  flow  Held  induced  by  che  lower 
reversets.  The  upstreata  penetration  of  the  ground  vortex  and  Che  assoc lated  suckdown  region  should  be 
primarily  affected.  During  the  second  phase  of  the  tests,  runs  were  made  on  a  shortened  ground  board 
(rigtire  38),  in  order  to  analyze  the  effect  of  the  ground  board  boundary  layer  on  tho  reverser  Induced 
flow  field,  The  distance  from  the  leading  edge  of  die  gruund  board  to  the  nose  of  die  model  was 
decreased  from  92"  to  SO",  Theoretically,  with  a  thinner  ground  boundsry  layer  the  forward  penetration 
of  the  ground  vortex  should  be  reduced.  This  should  result  in  a  snujllcr  suckdown  region,  with  a 
correapondlng  decrease  in  the  lift  loss.  The  results  of  repeat  mnu  mudu  lollowJng  the  ground  board 
change  shoved  an  increase  in  both  the  lift  loss  and  the  pitching  moment  (Figures  39  and  40).  The 
reason  for  che  added  life  Iona  Is  not  clear  at  dila  time.  The  nozzle  pressure  ratio  varied  slightly 
(2.67  vs  2.86)  between  Che  n-peat  runs,  bo  the  minor  changes  that  were  found  may  nor  he  entirely 
attributable  to  die  thinner  boundary  layer. 

The  effect  of  lover  reverser  vane  angle  and  forvurd  speed  on  che  reverser  induced  lift  and  pitching 
moment  is  shown  In  i^lgures  41  and  42.  A  loss  In  lift  coefficleiit  of  about  0.7  w.na  induced  .it  vane 
angles  above  i  Hi  >legree6,  fur  all  velucltiea.  The  smaller  lift  loss  as  the  luwer  vane  angle  decreaHea 
is  due  Co  che  soiuller  suckdown  region  cansed  by  the  resultant  aft  movement  of  the  ground  vortex,  As 
the  lower  vane  angle  decreases  (ut'  the  ground  and  the  g-ound  vortex  move  aft,  eo  the  center  of  pressure 
of  the  net  suckdown  force  moves  rearward,  which  rewnlCH  (n  an  Increase  in  pitching  mcment  (Figure  47). 

A  loss  In  lift  coefficient  of  about  0.7  war  Induced  at  vane  angles  above  110  degrees,  for  all 
velocities.  The  atnaller  lift  loss  as  the  J- ver  vane  angle  decreases  Is  due  to  the  smaller  . -ickHuwii 
cegion  caused  by  che  rr^ultant  aft  movement  oi  the  ground  vortex.  As  the  lower  vane  angle  decreases 
(or  till!  forward  veloc  '•  Increases),  both  the  point  ot  reverser  Impingement  on  the  ground  and  the 
ground  vort-3X  move  af  bc  the.  center  of  presMure  uf  che  net  suckdown  force  moves  rearvar  ,  which 
results  in  an  IncrcaGe  in  pitching  riomen.  (Figure  42).  The  pitching  momant  InrtementH  begin  tc 
decrease  as  < he  ground  vortex  moves  bock  to  the  vicinity  of  the  wing  trailing  edge.  As  the  lower 
reverser  angle  decreases,  the  direct  Jet  force  1  i  give  noslfivp  lift  nnd  hohp  down  pirchinv 
incremants  (assuming  a  constant  135  degree  upper  reverser  setting),  both  of  which  act  to  oftset  Che 
induced  effects. 

During  che  second  phase  of  testing,  each  reverser  conf lgurof*on  wa«  rested  over  an  alpha  range  nf 
zero  to  six  degrees.  The  resulta  of  these  rnnn  are  presented  in  Figures  43  and  44.  An  additional  lift 
iuHH  was  found  at  nix  degrees  .<ngle  of  attock  for  all  lover  vane  angler  testud.  This  was  accompanied 
by  H  decreasing  mumeu-  Inciciaeiit  back  to  about  a  lUO  degree  vane  s*  ^fug,  where  the  moBieuc  Increment 
then  started  to  l:ui-e.iHe.  Two  key  changes  happen  at  angle  of  attack:  iliu  effective  reverser  efflux 
angle  increases  l > on  the  vane  angle  to  the  vane  angle  plus  the  angle  of  attack,  and  the  distance 
between  -he  reverner  porta  mid  the  ground  decteesee.  The  net  effect  is  a  forward  movement  oi  the 
ground  vortex,  so  the  suckdown  region  becomes  larger,  ’’hla  forward  movement  resulta  in  a  forward  shift 


ir  chi?  suckJovn  center  of  preuRtirp.  which  xlves  the  decreased  aoment  Increment.  Thla  is  encouraging 
from  an  operaclonsl  v.'ewpolnlt  in  that  the  reverner  Induced  Incrementa  are  stable. 

The  Impact  of  reversing  on  horizontal  tall  effectiveness  as  a  function  of  the  reveraer  Jet  to 
free-ocream  dynamic  pressure  ratio  for  n  110  degree  vane  setting  Is  shown  In  Fljure  45.  'I'wo  curves  are 
presenCedt  one  baaed  on  the  difference  In  pitching  ciooent  at  zero  and  plus  fi'tee.'  degrees  elevator 
deflectloni  the  other  based  on  the  difference  at  zero  and  minus  fifteen  de^^een.  iV  dynamic  presaure 
ratio  of  30  Is  representative  of  the  touchdown  condition.  As  the  ground  speed  decteaoes*  the  dynamic 
pressure  ratio  Increases  (for  a  fixed  nozzle  pressure  ratio).  At  high  values  of  the  dynamic  pressure 
ratio,  both  curves  show  a  decrease  from  the  Jet  off  value.  At  tills  condition,  the  ground  vortex  Is  fnr 
forward  of  the  tall;  the  flow  seen  by  the  (all  is  the  wake  behind  the  ground  vortex.  For  low  dynamic 
pressure  ratios,  the  tall  effectiveness  becomes  highly  nonlinear  with  tail  deflection.  At  a  dynairlc 
pressure  ratio  of  50.  the  center  of  the  ground  vortex  Is  estimated  to  be  under  tha  wing  trailing  edge. 
The  complex  Interactions  between  the  wing,  tall,  and  ground  vortex  result  In  <i  Blf.>  -leant  loss  in  the 
tall  effectiveness  for  the  negativt;  deflection. 

One  Interesting  result  from  theue  tests  was  a  large  variation  In  the  Induced  lift  and  pitching 
moment  with  sideslip  angle  \^Flgurefl  46  and  47).  Aa  seen  in  Figure  47  the  pitching  moment  increments  st 
high  angles  of  sideslip  are  much  higher  than  those  fvjnd  at  zero  sideslip  for  the  135  and  110  degree 
lower  reverser  settings.  These  increments  ware  accompanied  by  a  large  reduction  in  the  induced  llti 
loss  Cl’igure  46),  which  indicates  that  a  source  of  the  additional  moment  Is  a  positive  lift  force.  In 
addition,  u  large  negncive  Increase  In  the  rolling  moment  was  found  at  positive  sideslip,  possibly 
indicating  u  greater  lift  on  the  windward  side  of  the  aircraft.  These  pieces  of  evidence  point  to  the 
cause  of  the  Increased  pltch-up  being  a  shirt  of  the  ground  vortex  to  the  le.  side  of  the  aircraft. 

TIiIk  moves  the  windward  oanard  and  forward  porciuii  uf  the  windward  wing  out  of  the  auckdovii  region  and 
into  the  free-Htream.  An  additional  contrlbuCliig  factor  may  be  Induced  upwash  on  the  windward  canard 

from  the  leading  edge  of  the  shifted  ground  vortex.  The  shift  in  (he  stagnation  line  was  confirmed  by 

flow  vleuallzacion  (Figure  46).  Au  the  lower  reverser  vane  angle  decreases,  the  ground  vortex  and  thus 
the  induced  center  of  pressure  moves  rearward,  renultlng  In  a  decreased  moment  arm.  Hence,  the 
additional  motnenr  due  to  Sideslip  decceuacfi  with  lower  vane  angle. 

For  the  upper  reverser  setting  of  135  degrees,  a  reduction  in  the  directional  scabillty  was  found 
for  111  flight  conditions  representative  of  ground  rollout.  As  shown  in  Figure  49,  the  induced 
(tlroctional  scabillty  Increment  is  negative  and  roughly  constant  over  the  dynamic  preu^sure  ratio  range 
froDi  50  to  115.  This  loan  iu  due  to  the  reverser  efflux  penetrating  forward  (approximately  two  root 

chords)  of  Che  vertical  tail  leading  edge.  Tltia  results  lii  negative  preasures  between  the  calls,  due 

to  entrainmeot .  The  reuultaiic  Inboard  call  loada  act  Co  reduce  the  directional  stability.  Ihe  dynamic 
pressure:  ratio  of  50  corresponds  to  a  nozzle  pressure  ratio  of  2.7  at  toiiciidown  speed.  Data  taken  at 
very  low  dynamic  pressure  ratlue  during  high  speed  test  of  the  S/MTD  conducted  at  the  Arnold 
Hugineerlng  Development  Cancer  (AKPC)  are  also  prauented.  At  these  cundltlons,  directional  stability 
Is  regained,  and  increases  slightly  over  the  jet  off  value.  Here,  the  efflux  penetration  does  not 
project  forward  of  tlie  vertical  tail,  eo  the  Calls  experience  blockage-induced  positive  pressures. 
Outboard  call  loads  result  which  act  to  increase  the  directlonol  stability.  The  Induced  directional 
Htabilicy  was  found  to  be  independent  of  tiie  lower  vane  angle.  'Hfls  supportn  tlie  Indication  that,  at 
landing  gear  height,  (In-  upper  reveraer  interaction  with  clie  vertical  tall  Is  the  dominant  effect 
directionally. 

The  affect  of  Jet  dynanic  preosure  ratio  on  lateral  scebtllty  lo  shown  in  Figure  30.  A  large 
increase  in  lateral  stability  la  found  as  the  dynamic  pressure  ratio  Increases.  Increasing  the  lower 
vane  angle  at  a  constant  dynsoiic  preeaurc  ratio  also  Increased  the  induced  lateral  ntablllty.  These 
Increases  are  due  to  the  shift  in  the  ground  vortex  induced  flow  field  towards  the  leoward  side  of  the 
.nlrcratc  (see  figure  48),  This  shift  caunee  the  center  of  pressure  of  the  Induced  lltt  lessen  Co  move 
CO  the  leeward  side  u*  the  aircraft.  It  a.lsu  causes  portions  of  the  windward  wing  and  canard  to  move 
from  Che  suckdown  region  into  Che  free-atream.  Both  uf  those  effects  act  to  cause  positive  rulllng 
momencu  at  a  negative  sideslip  angle,  so  the  lateral  stability  la  Increased.  It  would  be  expected  that 
the  upper  rsverscr/verttcal  toll  interaction  would  alao  contribute  to  lateral  stability  changes.  Due 
to  the  decreased  tall  effectlvaueso,  this  Interaction  should  result  In  r  decrease  In  Che  lateral 
stablllCy.  It  Is  Impossible  to  asH«‘ss  this  contribution,  because  no  ver.  Icnl  call-off  runs  ware 
conducted. 

Llfferential  upper  reversing  (dlftering  upper  left/rlghC  vane  settings)  van  tested  In  order  to 
investigate  the  induced  aerodynamic  effects  to  detenBlne  the  potential  for  using  differential  upper 
vanes  fur  yaw  control.  Incremental  yawing  movent  cnefflcient  data  veraus  sideslip  angle  are  presented 
in  Figure  31  for  a  fixed  left  upper  vsne  wotting.  For  asynuaetr-C  settings,  a  zero  beta  yawing  moment 
Incrcnenr  of  about  -0.025  lu  present  for  all  caeca.  This  Is  in  the  aame  direction  as  the  induced 
forcee,  and  le  equivalent  tu  about  a  fifteen  degree  rudder  deflection.  Hven  though  Che  trends  are 
nnn-llnear,  all  of  the  differential  settings  tested  Induce  roughly  neutral  directional  stability.  An 
asyoisutric  yawing  moment  is  apparent  In  the  aynsatrlc  133/135  tipper  vane  sstting.  It  Is  believed  that 
this  asymmetry  say  arise  irou  small  differences  in  the  left/rlght  reverser  nozzle  preasure  ratio 
Hctclngs. 

The  induced  effect  of  d1  f fprential  upp&r  reversing  or,  erivui-iveuess  is  given  In  figure  52. 

The  trend  is  Ichuiclcal  to  tliut  found  with  sytnaieCvlc  upper  vanes  (Figure  33).  Thu  magnitude  of  the 
Increases  with  dlffereiulel  reversing  In  smaller  than  with  symmetrical  reversing.  With  differcntlol 
reversing,  the  left  upper  reverser  remains  st  the  135  degree  setting,  no  only  the  right  hand  «'crtlcal 
tall  benefits  from  the  vane  angle  reduction.  It  sluutld  be  notud  that  while  differential  upper 
reversing  favotable  impacts  Che  stability  and  control  characCerlsClcn ,  it  also  causes  significant 
(possibly  unacceptable)  lonaes  in  reverse  thrust. 

Summary  ot  Wind  Tunnel  Reverser  Teats 


As  concluded  In  Reference  10,  for  low  speed  wind  tunnel  tests  using  a  fixed  ground  board,  the  S/MTD 
thrust  reversera  were  found  to  induce: 


a . 

b, 

c . 

iticreniaiitit 

d. 


Small  lift 

Zncreaalng 

Large  lift 
varied  with 

Non-llnaar 

Nagllglble 


and  negligible  pitching  moment  Incremanta  in  free  air. 

lift  and  pitching  moment  Incrementa  during  traneltloii  into  ground  effect. 

losses  and  noae-up  pitching  moment  Increments  at  landing  gear  height.  Tlieae 
the  lower  vane  angle,  velocity,  nozzle  pressure  ratio,  and  sideslip  angle. 

horizontal  call  af f ccclveneaa  characterlsClca  in  all  flight  regimes . 

changes  in  lateral  atsbllicy  In  free  air. 


f.  Large  increases  in  lateral  stability  at  landing  gear  height, 

g.  Changes  In  directlona)  stability  and  rudder  effect iveness .  which  were  strongly  affected  by 
the  upper  vane  angle.  These  changes  ware  independent  of  the  height  above  the  ground. 


h.  Large  favorable  yawing  oomenc  increments  with  differential  upper  reversing. 


Moving  Hodal  Teat  Approach 

The  Vo*'tex  Kesearch  Vacillty  (VRF)  CFigurc  53)  at  the  N'ASA-Langley  Research  Center  was  used  fur  the 
study  discussed  in  Reference  11.  In  that  facility,  cl;c  modal  Is  suspended  on  a  variable>length  strut 
extending  from  the  bottom  of  the  gasotine>>englne  powered  cart.  The  strut  aupporCs  the  model,  sting, 
and  airline  assembly  as  well  ns  the  Instrumentation.  Angle  of  attack  was  changed  by  pitching  the 
entire  icrut,  sting,  and  model  asaembly  at  the  point  where  the  strut  was  attached  to  the  cart. 

Velocity  was  controlled  by  a  cruiae-'control  syscem  on  the  cart.  Hlgh-prcasure  air  bottlus  on  the  cart 
provided  compressed  elr  for  Che  Jets. 

Fur  the  test,  the  test  region  of  Che  VRF  was  modified  to  incorporate  a  150-foot  long  ground  plane 
near  Che  center  »i  the  teat  section.  Thu  ground  board  consisted  of  two  parts;  a  ramp  which  was 
Inclined  upward  4**  for  a  distance  of  100  feet,  followed  by  a  horizontal  section  which  extended  for  an 
additional  50  feet.  The  height  of  the  tnudei  over  the  fixed  horizontal  portion  of  the  ground  board  vus 
set  by  adjusting  the  length  of  the  mo^el  support  strut.  As  the  roods)  moved  horizontally  over  the 
Inclined  portion,  the  distance  from  the  ground  board  to  the  model  reduced,  thereby  slnuloting  an 
approach  along  a  glide  slope  of  4^  with  rate  of  descent  dependent  on  the  test  velocity.  After  moving 
across  Cue  ramp,  the  model  passed  over  the  horizontal  »;ecclon  to  simulate  roll-out  or  constant  altitude 
flight  (sv^e  Figure  54), 

Figure  35  Illustrates  some  ui  the  important  differences  between  conventional  static  ground  effects 
test  mechoda  and  Che  moving  model  method.  Static  test  techniques  involve  setting  a  model  at  a  given 
height  above  Che  ground  plane,  allowing  the  flowflald  to  reach  a  steady  state,  and  mesaurlng  th'' 
aerodynamic  loads.  The  moving-model  technique,  oo  the  other  hand,  Involves  masau/lnK  the  aerudynamiCB 
while  the  modal  la  in  moCion  and  the  flowfield  la  in  a  dynamic  state,  similar  to  conditions  In  an 
actual  approach.  Simulations  of  iioroal  approaches  (vlchouc  thrust  reversera)  have  Indicated  unly 
scjall,  but  dlscernable,  Jiffareiicee  in  .‘eodel  aerodynamlcB  measured  Htatically  and  at  varinun  rates  of 
descent.  With  thrust  reveraere  or  stoDar  jet  devices  operuring,  however,  the  two  techniques  could 
yield  signlficanCly  different  results.  There  are  two  primary  reasons  for  the  expected  differences. 
riiG  first  la  the  trlme  dependent  (unsteady)  aerodynamic  effects  related  to  the  moti.'^n  nt  the  model  and 
Che  developing  jet  exhaust  plume.  The  other  difference  is  due  to  the  different  laodel  ncrltuJes 
(i‘elaCi.ve  to  Che  ground  plane)  required  to  set  a  particular  angle  of  attack.  The  vertical  component  of 
velocity  Inherent  In  the  moving  model  technique  reduces  the  incidence  angle  of  tlte  model  (in  comparison 
Co  Che  static  teat  technique)  necessary  to  achieve  a  given  angle  of  acteck.  This  reduced  Incidence 
angle  changes  both  the  ImpingstaenC  angle  and  the  ImpingemenC  point  of  the  Jet  nn  the  ground  plane 
resulting  in  dlscliicCly  different  plumes  in  the  two  rest  techniques. 


Comparison  of  keaulta;  Moving  Model  to  Wind  Tunnel 

There  are  two  major  differenrea  between  the  static  wind-tunnel  database  and  the  loeaeureDients  ma 
vising  the  moving  model  at  the  VRF.  The  first  principal  difference  la  that  the  VRF  dats  were  obtslnevi 
while  almulstlng  a  rate  of  deacviit.  The  other  nignlf leant  dlfferent-e  Is  that  the  wind  tunnel 
raeasureaieiiCa  were  mado  In  the  preuence  ol  a  ground  boundaiy  layer  which  lias  been  shown  to  have  n 
significant  Impact  on  the  development  of  the  ground  vortex  cieated  by  vectored  Jets  ne.'ir  a  ground 
pl<*.ns.  This  impact  is  detailed  in  Reference  I^.  In  short,  the  presence  of  a  ground  boundary  Isyer 
allnws  the  ground  vorts}:  to  penetrate  significant ly  farther  up.’ttreHUi  (approximately  30  percent)  than 
would  be  possible  Is  Its  absence.  These  two  o.itor  dlffeiencaa  are  brlleved  to  he  the  aourcr  of  thn 
differences  between  the  two  data  sets  discussed  below.  For  the  data  shown  In  Figurch  36  througli  6)  the 
angle  of  attack  was  1^**,  the  flaps  and  allaroiiM  were  set  ut  20^,  tiie  canard  at  -13"  and  the  horiznntal 
tall  at  2“, 


In  igure  36  the  life  incremeiit  In  ground  elfect  im  the  approach  configuration  has  been  plotted 
for  Lower  Vane  Angles  (I.VA)  of  43*  and  60*.  As  lietght  decreaseo  to  tnurhdowr.  height  Ihe  static 
wind-tunnel  data  conBlsrfntly  prcdicto  a  greater  lift  Increment  due  to  ground  effect  chan  that 
predicted  by  the  VRF  data  wet.  This  difference  Is  attributed  to  the  effects  of  rate-of-deecent 
modeling  In  the  VRF.  Once  st  the  ml’ilmUDi  ground  height  for  some  lime,  the  results  from  the  VRF  testing 
are  seen  to  have  the  natii.i  steady  state  lift  increment  levels  as  those  in  the  wlnd-tunuel  database. 

As  the  thrust  reverser  vanus  were  vectored  farther  iorv-ard,  the  presence  of  the  ground  boundary 
layer  1«  seen  to  have  a  greater  effect.  This  is  Illustrated  In  Figure  57.  For  LVA  of  both  80*  and 
UO”  not  only  Is  the  lift  increment  different  aa  h/b  reduces  to  the  mlniinum  ground  height,  but  also, 
the  steady  state  levels  measured  once  the  models  were  at  that  lalnlmum  height  are  different.  The  reason 
for  the  differences  at  the  laiiiicus'  ground  height  is  believed  to  be  diip  to  the  presence  of  a  ground 
boundary  layer  in  the  wind  tunnel  tenting.  The  df.fereures  at  the  otier  ground  heights  are  due  to  both 


Ill) 


rate-of-dcscenC  EDodeling  In  the  VRF  and  the  presence  of  a  ground  boundary  layer  in  che  wind  cuiinel 
CesClng  -  these  two  ett'eccn  can  not  be  separated  for  thib.  particular  set  of  data.  All  test  data  points 
shown  in  Figures  Sb-61  reprenent  InterpoLatlora  of  the  d.ita  base  discussed  in  Reference  10. 

The  differences  in  pitching  tDost^-nt  are  Blnllarly  Illustrated  In  Figures  58  and  5SI.  The  thrust 
reverser  configuration  LVA  *  43*  and  LVA  60*  arc  shown  In  Figure  38.  At  LVA  *  45*  ■  much  like  the 
resulto  seen  for  the  lift  coefficient,  '.he  wind  tunnel  ilacabase  predicts  greater  noue-down  rltchlng 
moment  than  the  dynamic  meaaurcuients  from  the  VRF  as  the  modal  height  Is  reduced  to  the  mlnlraum  ground 
height.  However,  once  at  that  height  for  some  time,  ind  the  VRF  flowfield  transitions  to  a  steady 
state,  the  level  of  noue-dovn  pitching  moment  uausured  by  the  two  techniques  are  nearly  equal.  Again 
this  difference  at  heights  greater  chan  char  corresponding  to  wheel  touchdown  is  attrlhuted  to  the 
modeling  of  a  rate  of  descent  in  Che  VRF  testing* 

As  the  thrust  reveraer  Jet  Is  vectored  further  to  LVA  60*.  the  comparison  Is  slinll.-ir  down  tu  a 
model  height  to  wing  span  of  approxlmacely  0.3.  Below  chat  height  the  wind-tunnel  database  Indicates 
ChsC  the  configuration  experiences  prugrenNlvely  less  nose-down  pitching  moment  as  the  model  appro.iclieJ 
the  ground.  This  is.  again,  believed  to  be  due  to  the  presence  of  the  ground  boundary  layer  In  tlie 
wind  tunnel  testing.  This  boundary  layer  allows  the  thrust  reverser  Jets  tu  per.ecrsce  farther  upstrenm 
before  forming  the  ground  vortsx.  In  this  situation  .tc  Is  believed  thnc  tiie  ground  vurtex  has 
developed  under  the  horizontal  scahllizar  and  the  low  pressure  vortex  has  reduced  the  lift  iui  tluit 
surface*  The  greater  penetration  of  the  ground  vortex  also  induced  greater  upwssh  at  tlic  wing.  The 
net  effect  is  aa  seen  in  Flgurea  36  and  38:  increased  steady  state  pitching  toouent  increment  and  no 
difference  in  lift  increment  between  Che  VKF  data  and  the  tflnd-cunn».l  database, 

The  efface  of  the  ground  boundary  layer  is  even  aiore  pronounced  .m  the  thrust  reverser  Jets  are 
vectored  further  forward.  This  is  presented  In  Figure  39*  In  these  conf Igurutlunb,  more  upwash  mlglic 
be  Induced  at  the  cdimiu  in  tile  wind  tunnel  database  than  was  indicated  in  the  VRF  reuultu  hecuuse  the 
ground  vortex  could  not  penetrate  as  far  upscresm  In  Che  absence  of  h  gi-mind  boundary  layer. 

Similar  results  were  found  in  the  drag  maAsureoentd  as  shown  in  Figures  SU  and  61.  Again,  at  LVA 
-  45*.  where  the  jets  arc  blowr.  well  aft.  Che  presence  of  the  ground  boundary  layer  in  Che  wind  tunnel 
test  had  little  effect  on  Che  steady  state  aerodynamics,  but,  as  the  thrust  reverser  waa  directed 
progressively  farther  forvaii.  the  boundary-layer  effect  wau  inteunlfleJ  as  was  seen  in  both  lift  and 
pitching  mooenc.  For  all  settings,  a  significant  effect  Is  evident  due  to  raie-of-descent  modeling  in 
thu  VRF  at  all  model  heights  greeter  than  the  minimum  height. 

It  la  concluded  in  Reference  U  that,  relative  to  the  conventional  static  wfnd  tunnel 
ground-affects  casts,  the  rate-of-desceni  modeling  produced  aubstentially  less  lift  increase  in  ground 
effect,  mote  nose-down  pitching  moment,  and  less  Increase  (n  drag.  These  differences  became  more 
promlaant  at  Che  larger  reverser  vane  angles.  The  results  of  Che  moving  model  technique  indicate  no 
oafety-of-f light  problems  with  the  lower  reverser  vectored  up  to  80*  on  approach.  They  also  Indicate 
that  Che  S/MT'D  configuration  could  employ  s  noztie  concept  using  lower  reverser  vane  vector  angles  up 
CO  110*  on  approach  If  a  procedure  were  adopted  lii  which  rate  of  descent  was  not  arrested  near  Che 
ground  and  if  inlet  reingeeclon  were  found  not  Co  puee  e  problem.  These  moving  model  tests,  however, 
were  performed  too  late  for  consideration  in  the  S/HTD  development. 

INLET  INGESTION  OF  REVERSER  FLOW 

Another  major  conarralnt  on  the  uee  of  reversed  thrust  during  ground  roll  out  can  be  hut  guw 
ingestion  In  the  inlet.  Key  results  from  a  hot  gas  ingestion  tests  using  the  7.57  scale  model  of  thu 
S/MTD  ars  presented  and  evaluated  in  Rcfeteiice  13.  Tho  data  acquired  during  chesn  tests  were  used 
along  with  the  dace  from  the  static  wind  tunnel  teste  to  derive  an  appropriate  schedule  for  the  lover 
reverser  vaues  during  ground  deceleration.  The  primary  findings  v/ere: 

e.  The  temperature  rise  at  the  engine  face  following  the  onset  of  ingestion  is  rapid  and 
large.  Peak  temperatures  ere  about  20Z  of  the  difference  in  the  Jet  exit  and  free  sti>faa  tetoperaCuren. 

b.  Reductions  in  rlie  reverser  vane  angle  reduce  the  Ingestion  velocity.  Sideslip  angle 
further  reduces  the  Ingestion  velocity,  due  to  the  introduction  of  an  effective  cant  angle. 

c.  Variatione  in  froe-ucreom  velocity,  nozzle  pressure  ratio,  and  Jet  temperature  can  be 
collapsed  using  the  reverser  Jet  to  frea-sCreMm  mabs  flux  ratio.  Ingestion  schedules  for  arbitrary 
engliia  face  temparatuice  rioeu  cau  be  cooatrueied  from  curves  of  mass-flux  ratio  vs  temperature  rise. 

d.  Ground  pressure  data  Indicate  v net  the  stagnation  line  position  Is  a  very  conaarvative 
iudicacor  of  Ingestion  onaec.  Temperature  uefiauremenca  under  the  inlet  lip  are  a  better  indicator  of 
incipleur.  Ingestion. 

Based  on  these  test  results,  a  schedule  of  lower  vane  angle  with  airspeed  hns  been  defined  to 
preclude  ingestion  for  the  initial  flight  tents. 

GROUND  HANDLING  CONTROL  LAWS 

During  the  configuration  developioent:  it  weu  found  neuesBary  to  design  a  special  ground  handling 
mode  (STOL-GH)  in  order  to  control  the  wind-tunnel  ground  effects  discussed  above,  and  also  to  ensure 
adequate  control  of  the  ground  track  In  meeting  the  landing  requlrementa  with  minimum  pilot  workload, 

A  plctoral  ounmary  of  the  reconfiguration  from  approach  to  rollout  is  preasnted  In  Figure  62.  Figure 
62a  glvea  the  nominal  approach  configuration  and  also  tha  liaita  on  vane  deflection  in  this  mode. 
Koximum  angle  before  touchdown  Is  73*  so  that  the  pilot  cannot  command  deceleration  to  a  spaed  lass 
than  Vmln.  At  touchdown  some  changes  are  switched  by  a  combinacloc.  of  weight  on  wheels  (WOW)  and/or 
wtieel  spi  -up,  others  require  the  selection  of  reveres  thrust.  First,  posltlva  WOV  introduces  a 
noss-dow.)  pitch  rate  bias  6  deg/ssc  to  provide  a  rapid  and  repeatable  rotation  from  touchdown 


attitude  to  the  chreM>'polnC  attitude,  reducing  any  bounce  or  float  tendencies.  Vhe  canard  acliedule 
Intercept  eleo  la  changed  fro*  -f  1.5$  deg  to  *11.56  deg.  this  aids  the  noae-dovn  pitching  mooient, 
sBOOths  canard  travel  ae  angle  of  atca-^k  chan^^ea  during  Che  rotation  and  provldee  anple  differential 
canard  control  pover  during  crosevlnd  landings.  Other  control  law  clianges  take  place  when  the 
throttles  are  in  the  reveres  thrust  range  (3  deg  to  17  deg  In  Figure  26).  First,  the  flaperonu  are 
snatched  froa  20  deg  to  1  deg  and  the  alXerone  from  20  deg  tc  eero.  Thla  reduces  wing  lift  to  enhance 
braking  effectiveness,  but  also  glvea  acre  differential  aileron  capability  for  crosewlnd  landings.  Ttie 
cop  reverser  vanes  go  full  forward  with  both  UOW  and  throccla  angle  lass  chan  16  deg.  This  provides 
deceleration  with  olnlaua  tine  delay  to  naxlalzo  ground  roll  perfotBance.  Since  the  lower  vanes  car 
iiidui'e  strong  nose-up  monents,  chair  forward  deflection  Is  llnlcwd  as  a  function  of  pitch  attitude. 

This  ensures  controllability  at  the  expense  of  tone  loss  of  deceleration.  During  rollout  the  bottoio 
vanes  are  scheduled  with  speed  to  preclude  hoc  aa  Ingestion  Into  the  Inlets,  and  the  pilot  can  select 
either  Kanual  or  auto  braking. 

To  provide  good  ground  handling  flying  ({ualltlas*  all  Integrators,  the  speed  hold,  Che 
lateral-directional  InterconneLt  end  lateral  acceleration  feedback  are  all  switched  off.  Yaw  rate  In 
fadback  to  noeewheei  eCieting  Co  enhance  ground  directional  stability.  Lsstly,  command  of  direct 
sldeforcc  Is  switched  from  rudder  pedala  to  lateral  stick.  To  enhance  control  of  ground  track  In 
croeavlnds,  lateral  stick  Into  the  wind  coumands  both  roll  control  and  ruddera  plus  differential 
canards,  leaving  the  rudder  pedals  for  directional  control. 

FLIGHT  TEST  RESULTS 

At  this  time  only  limited  and  preliminary  ccaulte  can  be  reported.  A  Phaae  I  flight  test  was 
accompllnhcd  between  7  Sep  68  and  Feb  89  using  production  engines  and  nozzles.  This  phase  allowed  aii 
QvaluaClon  of  the  baric  aerodynamics,  the  TFFC  CONVENTIONAL  mode  characteristics,  landing  gear, 
diaplays  and  aubaysteme.  Tha  2-D  thrust  vectoring  and  reversing  noezlea  have  been  installed  and  a 
second  phase  of  flight  testing  conaencad  10  May  1989,  to  run  through  February  1990,  for  avaluaticn  of 
vectoring  and  reversing  In  the  enhanced  control  etodes.  Initial  pilot  coamento  indicate  that  the 
enhanced  codes  are  exactly  Ilka  tbs  sitnulaClon,  however,  processed  data  is  available  only  from  the 
first  phase.  The  data  presented  below  Is  from  the  Hhsne  1  program. 

Longitudinal  Characteristics 

The  trim  characteristics  of  tha  S/MTD  aircraft  are  strongly  influenced  by  tlie  canards,  which 
provide  an  additional  control  effector,  as  well  aa  dscreaalng  the  static  longitudinal  stability.  lr\ 
ths  CONVENTIONAL  node  the  canard  position  is  deCamiliiud  by  its  angle  of  attack  schedule.  Iha 
atabilator  Is  Chen  used  to  trim  out  any  residual  pitching  moment.  A  longitudinal  integratoi  1h  used  to 
provide  IG  at  zero  stick  position  below  18  degrees  angle  ot  attack  with  Maps  up.  This  provides 
neutral  speed  stability  throughout  the  anvalope.  With  the  flaps  down,  anglu  uf  attack  feedback  Is  used 
to  provide  u  sense  of  speed  stability  to  cite  pilot.  The  trim  characteristics  at  IH  In  die  CONVENTIONAL 
jKida  with  the  flaps  up  ere  Indicated  in  Figure  63.  1*he  trim  angle  of  attack,  sLabllato'^  and  canard 
deflection  angle  are  presented  as  a  function  of  Mach  iiuiBber.  Theea  data  were  obtained  In  )G  accels  and 
decela.  Below  Mach  1.0,  tha  trim  scabilator  la  close  to  predicted.  Supersonically,  a  more  leaillng 
edge  up  trio  sCabilacor  is  needed.  Indicating  an  unanticipated  nose  up  Cm,  shite.  The  canard  aetting 
is  close  to  expected,  altliough  a  small  offset  la  liidlcatuO  In  some  cases.  Ihla  Is  caused  by  offsets  in 
the  fllglit  control  angle  of  attack. 

Wlrd-up  turns  at  Macli  0.9  and  1.6  at  6U.OOO  feet  ere  uhown  In  Figure  64.  Cnud  agreement  with 
predictions  in  evident,  although  at  supersonic  Mach  nuobern  the  dlffeiencc  In  trim  RtahllaLor  observed 
in  IG  accela  Is  again  evident.  Note  that  the  canard  variation  wltli  angle  ol  attack  reverxes  sign  from 
Che  subsonic  slope  Co  decrease  Che  static  stability,  ae  discussed  prevlouDly.  From  t!ie  wiiid-up  turns 
Chat  were  performed,  a  normal  force  coefficient  was  extracted  and  compared  with  data  from  the  K-13 
slnlUrly  extracted  from  flight  CeeC  data.  Subeoiilcallv •  the  S/HTD  demonstrated  an  increase  in  C^,  at 
all  angles  of  attack,  with  the  increment  increasing  at  higher  AOA.  At  Hai-h  1.6,  40,000  foet,  an 
increase  in  Is  indicated,  but  Is  smaller  tn  magnitude. 

The  static  stability  in  flight  differed  somewhat  from  that  predicted.  Data  extracted  from  flight 
test  results  were  used  to  identify  the  actual  nsutral  point  which  is  shovT>  compered  to  predictions  in 
Figure  63.  lu  general,  good  agreement  Is  Indicated,  however  the  transonic  shift  in  nautral  point 
begins  at  a  lower  Mach  number  than  predicted. 

The  longltudiiml  control  lava  use  stick  deflection,  uluiig  with  feedbacks  of  tiormal  ucceleratloii, 
pitch  rate  and  angle  of  attack  to  achieve  the  desired  ''enponse.  The  stick  input  and  each  feedback  havv 
both  proportional  and  integral  pathu  to  the  etabilator.  The  intvgro.l  path  produces  thu  duaired  steady 
stats  reapotise  to  uClck  input.  A  lineal*  stick  gradient  of  6.0  lbs  per  incli  In  used.  This,  romhlned 
with  the  control  Law  gains  provide  a  constant  stick  force  per  G  ui  3.3  lbs  per  C  above  300  KCAS.  3'liis 
increases  on  a  1/KCA>S  schedule  to  9.8  ibe/G  at  and  below  107  Kl'AS.  Above  18  degreuK  angle  of  etrark, 
AOA  feedback  Increases  this  grudienc  turther,  providing  the  pilot  with  a  force  cue.  At  all  condlticme 
the  gradient  is  close  to  that  designed. 

The  flight  teat  program  Included  clearing  the  angle  of  attack  envelope  to  ?n  degrees  Mubwonicsl ly. 
Thin  angle  or  attack  region  was  explored  lii  both  IG  flight  and  at  elevated  load  factors,  and  included 
botli  flaps  up  and  flaps  down  test  points.  A  fliismarv  of  the  points,  along  w^th  the  pilot  counnents 
pertaining  to  the  aircraft  characterlsrlcu,  is  presented  In  Figure  66,  Although  a  20  degree  AOA 
limitation  was  in  eflcct  for  this  phase  of  the  S/HI'D  flight  test  program,  an  angle  of  attack  ol  3U 
degrees  AOA  was  attained  at  one  teut  condition.  This  resulted  when  the  pilot  inadvertently  comDianded  a 
higher  angle  of  attack  than  Inteiulad.  As  l.i  evident  from  the  pilots  corjiienta,  the  characteristics  of 
the  aircraft  at  elevated  etglen  of  sttack  were  considered  satisfactory.  The  aircraft  was  very  stable, 
with  positive  control  about  all  three  axes.  There  was  no  evidence  of  wing  rock  in  any  cumlltion 
tasted.  Although  hiiffet  onset  occurred  at  about  the  same  angle  of  attack  au  with  the  F-15.  tlie  buffet 
Intensity  reportedly  remained  light  to  medium  as  the  angle  of  attack  Increaned.  At  20  degress  AOA,  It 
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VQB  Bitch  1«BB  thtfn  rhc  F-15i  which  can  only  be  accrlbucad  to  th«  canafd  Influanc*  on  tne  wing  flow 
field.  Full  utlclc  roll  Banauvtrd  were  parforaed  at  angles  of  attack  up  to  20  dsgreeb  at  salscted 
flight  condlcloiin.  The  roanauvera  were  well  coordinated,  with  good  bank  angle  capture  characteristics. 

The  30  degree  test  paint  provided  Insight  Into  the  nose  down  contro'  power  available  at  high  AOA. 
Because  of  Che  canard,  the  nose  down  pitching  aooent  available  decreases  with  Increasing  angle  of 
attack,  reaching  a  nlnlnuD  at  30  to  32  degrees.  In  the  case  flown.  Che  pilot  abruptly  neutralized  the 
stick  ec  about  31  degrees  AOA.  A  tlM  history  of  the  meae.  .er  Is  shown  in  Figure  67.  Included  are  t.hc 
stick  coBBiaiid.  acabllator  reapnnsa.  angle  of  attack  and  pitch  rate.  The  pitch  rato  response  was 
iniBedlatc.  even  chough  only  half  of  the  nose  down  luoaeat  waa  used  (since  forward  stick  was  not 
applied).  The  plloC  considered  the  nose  down  reeponae  to  be  satisfactory.  Tha  flight  test  data  were 
analyzed  to  identify  the  aerodynaaic  pitching  stoBient  during  the  pushover.  The  moaent.  shown  in 
coefficient  £om  In  Figure  67,  is  a  total  aerodynaaic  aouenC.  and  Includes  effects  of  angle  of  attack, 
stabllator  deflection,  pitch  rate.  etc.  Using  the  aircraft  state  vatlaMec  and  surface  defl«rtlon<> 
during  the  naneuver.  the  total  aerodynamic  pitching  etoaenc  predicted  by  tho  date  base  was  also 
determined,  and  is  conpared  to  the  flight  test  dace.  Aa  indicated,  the  negative  peak  l.i  pitching 
aonent  is  very  close  to  that  predicted.  However,  the  increment  lu  Cm  due  t  die  pilot  neucrsllzlng  the 
stick  la  about  dOlI  of  Chat  ontlclpated. 

Lateral  Characteristics 


Pull  stick  roll  psrfocmancc  was  evaluated  throughout  the  flight  envelope.  Polla  were  perCoraed 
using  abrupt  full  lateral  stick  Inputs.  nalnCaliilng  the  longitudinal  stick  at  the  initial  trim  poalcicn 
throughout  the  roll.  The  rolls  included  360  degree  IG  rolls.  -1C  160  degree  rolls,  and  3G  and  5G  (up 
CO  20  degrees  AOA)  bank  to  bank  rolls  (RFQ's). 

The  time  to  bank  cheracterlstica  In  1C  360  degree  rolla  was  aeaeured  from  the  initial  stick  notion. 
Typically,  full  lateral  stick  waa  applied  In  about  0.1  eeconda.  kcquirenente  iros  tha  P-IS  detailed 
spec,  served  as  tha  design  guideline.  SubsoalcaLly »  the  requireBenta  are  net  up  Co  about  370  KCAS.  At 
higher  airspeeds  the  time  to  bank  erceeds  the  Level  1  Unit  end  at  supereonic  Mach  nunbars.  the  roll 
rssponat  essentially  meets  ths  ruqulrsosnts. 

Directional  Characterlsttco 


Steady  heading  aldesLlpe  were  perfomed  throughout  the  flight  envelope  to  aesess  the  directional 
stability  and  control  power.  Haneuvera  were  perfomed  to  full  pedal  deflectlun  In  both  directions. 

Tha  results  obtained  are  sumnarized  in  Figure  68.  The  naxisun  aldesllp  angle,  lateral  occalerst Ion. 
rudder  and  differential  canard  deflection  at  max  pedal  are  presented  as  a  function  of  calibrated 
airapecd.  Also  shown  are  the  predicted  values.  In  general  good  agreeeent  iu  indicated.  The  maxluuai 
lateral  ecceleruCion  Is  a  little  less  than  predicted,  but  the  aidaHlip  agrees  cloesly.  Some  eaymetry 
in  Che  wurfacc  deflectionH  le  evident,  which  may  ba  Indicative  of  an  alrcreft  aeyimBecry.  However,  the 
directional  respooae  was  linear  with  pedal  deflection  up  through  full  pedal  input.  Data  extracted  from 
directional  doublets  using  the  paraueter  identification  program  indicated  that  both  the  acetic 
dlrecLlonal  atablllcy  and  the  rudder  effectlvenesa  were  higher  then  predicted  In  aomw  araaa.  However, 
it  w«a  difficult  CO  Hsparace  Cite  control  effectlveoeea  from  the  dlrv  cionel  siablHcy.  in  ceaee  where 
one  paraaetcr  vae  higher  than  predicted,  the  other  was  also.  Because  of  Chia.  and  ths  large 
uncertainttaa  in  the  extracted  data,  It  waa  dlfllcult  to  identify  actual  differences  from  tha  predicted 
values. 

CONCLUSlONi; 

Ths  STOL  and  Maneuver  Technology  Demonstration  Prograin  has  iticurporated  thruat  vectoring  and 
reversing  exhauut  nozzles  and  all>Doving  canards  into  an  F-15  to  meet  a  stringent  sat  of  design 
requireueurs.  A  digital  fly-by-wire  Integrated  Flight  Propulsion  Control  syetem  has  Integrated  these 
new  control  capabilities  vlch  the  existing  n.erodyitemic  control  surfaces.  Fllot  use  of  atlck,  rudder 
pedals  and  throttle  la  completely  conventional  for  both  STOI.  petformence  and  enliancad  up-and-avay 
maneuvering.  Thlu  paper  has  presented  the  aerodynamic  characteristics  of  the  vectoring,  rcveralng  and 
canards  and  discussed  their  Implementaclon  in  tha  control  ayatem.  Next  la  a  diucusaion  of  the  very 
strong  jet  ei fectn/ground  effects  Interactions,  controlled  hy  a  special  ground  hondljng  control  mode, 
hast,  soBe  Initial  flight  tent  data  Is  presented. 
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SUMMARY 

The  paper  reviews  the  various  funclions  and  reqn • foments  for  combat  aircraft 
controls  which  arise  from  consideration  of  the  flight  envelope,  agility,  handling 
qualities  specifications,  control  system  design  critori.i  etc.  Examples  arc  drawn  from 
sU[)ersonic  and  subsonic  combat  aircraft  designed  by  British  Aerospace  including  those 
employing  powered  Lift  (ilarrier)  and  those  which  use  a  basically  unstable  airframe  to 
enhance  performa-iCG  (KAP/EFA).  The  subject  is  discussed  in  terms  of  tl\e  basic  functions 
of  aircraft  conLiols  which  are  to  trim,  manoeuvre  and  stabilise.  These  functionti  require 
CGMain  forces  and  moments  to  be  generated  over  the  full  design  envelop*  of  speed,  Mach 
number  and  angle  of  attack.  A  certain  minimum  level  of  iincority  is  desirablo  although, 
witli  some  redundancy  of  controls,  trim  schedules  can  be  chosen  to  avoid  limited  areas  of 
inci f ectivencbs  provided  other  constraints  allow  it.  The  achievable  rate  of  ai>plication 
of  control  is  an  important  variable  which  can  liave  a  serious  impact  on  the  sizing  of 
actuators  and  power  systems. 


1  .  INTRODUCTION 

Throughout  the  history  of  flying  the  liiial,  vi-.il  action  which  c»  pilot  carries  out 
before  committing  his  aircraft  to  flight,  is  to  contiim  full  and  free  movement  of  the 
controls.  This  gives  some  clue  to  tlie  importance  attached  to  correct  operation  of  the 
'  ontrols  in  ensuring  tl»e  safe  flight  of  the  aircraft. 

In  recent  yoars  a  number  of  developments  have  i«ad»»  the  requirements  for  combat 
aircraft  controls  more  demanding.  The  flight  envelope  in  terms  of  speed  and  angle  of 
attack  has  been  greatly  incroased.  Early  subsonic  jet  aircraft  operated  near  to  the 
limits  of  elevator  trim,  or  control  power  at  max. mum  speed,  Figure  1.  Aircraft  hove  also 
operated  neat'  this  limit  on  the  approach,  with  a  heavily  flappcnl  wing,  lixt.ension  into 
the  superson-o  speed  regime  led  to  iho  almost  universal  omployment  of  fully  powered 
controls  on  high  speed  combat  aircraft.  More  recent  developments,  sucli  as  the  uso  of 
powered  lift  and  the  Increasing  emphasis  on  agility,  have  led  to  novel  contigutat ions 
and  imposed  even  more  challenging  requirements  on  the  flight  control  designer.  This 
paper  will  deal  with  thii>  latter  period  and  will  examine  the  novel  thallengos  [jrcKentod 
to  the  Aerodynainicist  designing  the  controls  tor  current  and  future  genorat ions  of  combat 
aircraft.  We  aim  to  set  the  scene  for  the  many,  varied  paper.s  to  follow  un  the  .s[MH’iCic.s 
of  control  design  and  oxperionco. 

The  first  aspect  to  be  considered  will  concern  tho  funclions  wliich  tl)u  controls 
have  to  carry  out  and  we  shall  then  go  on  to  oxaminu  some  of  the  requiremi*nt.R  brought 
about  by  now  design  trends. 


2  .  FUNCTIONS  OF  CONTROLS 

2 . 1  Contribution  to  Natural  Stability 

In  the  classical  flapped  arrangement  of  the  tai Iplanc/elov.jtor  or  fin/r udder,  the 
fixed  part  of  tho  surface  was  considered  as  providing  stability,  but  t no  moving  part  of 
the  cofitrol  itself  would  also  contribute  in  this  way;  although  generally  tho  aim  was  to 
give  only  a  small  contribution  to  siability.  In  fact  with  unpowored  controls,  geared 
tabs  etc.,  it  was  relatively  easy  to  get  the  hinge  momentB/balanco  wrong  and  very 
careful  design  vind  indeed  redesign  was  needed.  This  problejn  was  largely  removed  by 
powered  controls.  With  the  common  use  of  all  moving  contiols,  or  ta i Iplantjs ,  foruplanes 
and  fins,  the  stabilising  or  destabilising  effect  is  .in  important  consideration  in 
sizing  of  the  control  surface. 

2. 2  Tr  iwi 

Lateral  Directional  Cont'ol  liim  requircmenl s ,  for  conventional  aircraft,  arc 
confined  to  cross  wind  landing,  engine  failure  or  asymmc’iric  store  carriage  cases, 
which  are  mainly  of  interest  at  lt>w  aptied  or  higli  .iiigU*  of  ..'tack.  increasingly  with 
large,  sophisticated  and  ex)jensiv«  stores  carried  undcrwing,  tlie  choice  of  roll  control 
c.in  be  dictated  by  asymmetric  store  carriage. 

In  the  pitc;h  axis,  in  addition  to  coping  with  zero  l»tt  piteJi'ng  moment,  1 1.  i!^ 
ne«':cssary  to  trim  the  varying  pitcliing  moment  resulting  from  the  n^i  iiral  stability  or 
in'Jtability  of  the  aircraft.  Figure  2  shows  the  envelope  of  pitching  moment  of  a 
stable  combat  aircraft  at  zero  control  angle  and  has  superimposed  the  control  power 
available  from  the  control  surface,  showing  the  necessary  margin  for  trim  throughout 


the  flight  envelope.  The  benefit  of  reduced  trim  requi romont  and  hence  reduced  trim 
drag  from  reducing  the  stability  of  the  aircraft  is  well  known,  Figure  1.  Of  course  if 
the  control  .‘jurCace  in  question  is  a  tailplane,  reducing  the  size  of  tho  taiiplano  to 
reduce  stability  will  also  reduce  pitching  moment  available  Cor  trim.  The  tailplane 
may  well  be  sized  by  stability  considerations  subsonlca  1 1  y ,  e.g,  with  largo  storo.s 
underwiiig . 

Tho  effect  of  the  control  surface  on  lift  has  also  to  be  considered.  Allowing 
for  a  neutrally  staljle  wing  body,  a  larger  tailplane  will  of  course  contribute  more 
stability  and  a  larger  foreplane  more  instability.  In  an  ainrr.ift  with  a  stable  witig- 
body  and  a  tailplane,  the  trimming  forces  produce  a  negative  trimming  lift,  component  and 
unstable  aircraft  of  this  type  would  have  a  fjositive  contribution  to  the  lift.  This  is 
illustrated  sonicwhat  simpl ist ical ly  by  the  familiar  photograph  of  a  Tornado  ADV  with  it.s 
positive  stability,  flying  in  formation  with  tho  fly-by-wire  Jaguar,  which  nod  had  ils 
wing  modified  to  make  it  unstable  (Figure  4).  Both  aircraft  arf»  controlled  by  tnil- 
planes  and  the  large  negative  trimming  lift  contribution  from  tho  tailjjlanc  of  tho 
stable  Toi'nado  is  very  obvious  on  the  picture. 

We  shall  be  discusjring  t:he  functions  of  cont’oJ.s  for  mancouvring  the  aircraft  next, 
but  it  is  probably  appropriate  to  men( ion  here  tlie  need  for  controls  to  trim  out  moments 
in  an  axis  due  to  manoeuvres  in  the  other  axes  of  the  aircraft.  For  instancu,  a  rapid 
roll  would  produce  a  significant  pitch  up,  which  has  to  bo  trimmed  out.  This  is  of 
particular  importance  in  the  design  of  an  unstable  aircraft,  where  the  inertial  pilch 
up  in  a  rolling  pull  out  is  in  the  same  sense  as  tho  natural  instability  of  the  aircraft 
and  botii  of  those  must  bo  resisted  by  the  controlling  moment  (Figun*  ’j )  .  Tho  usual  desigr. 
case  i.s  one  of  high  commanded  roll  rate  at  high  angle  of  attack,  but  the  t;asc  of  recovery 
from  an  incipient  stall  in  which  unoommanded  roll  rates  may  result  from  the  dot  or i orat ion 
in  lateral  directional  characteristics  must  nol  be  neglected. 

2.3  Powered  Lift 

Whore  powered  lift  is  used,  there  must  be  an  appropriate  balance  belwet’n  powi'red 
lift  moments,  control  moment.^  from  the  react  ion  control  system  and  aerodynamic  mum»*nt  .s 
during  hover  and  transition.  Figure  6  indicates  I  he  flight  regimes  to  bo  eonsi<k>red 
and  Figure  V ,  some  of  the  basic  design  concepts  for  thin  type  of  aircraft*.  The 
performance  and  handling  bonefils  to  be  gained  from  the  careful  design  of  these  aspucts 
are  considerable.  Figure  b  shows  that  with  an  aft  thrust  centre,  front  pitch  reaction 
valves  are  necessary,  whereas  in  Figure  9,  there  is  a  pos.«r  i  hi  1  i  t  y  that  this  part  of  t  lie 
control  syst.cm  could  be  completely  eliminated  and  rciplacod  by  a  two  directional  Iriinming 
valve  at  the  rear  of  the  aircraft,  if  the  thrust  centre  is  sliglitly  forward  of  t.lie  c.g. 

in  the  future,  it  is  possible  to  consider  designs  witli  remote  augmentt'd  lift 
systems,  whore  tho  thrust  from  the  main  nozzles  could  be  modulated  to  assist  (rimming. 
Although  t  his  will  allow  much  greater  I  riiiuning  moments  to  In*  generated,  tho  'MSic 
roquirc'ment  for  cate  in  relating  tlio  c.g.  range  of  tho  aircraft  to  t  hi.‘  langi-  *1  ihrust 
centres  remain.^  a  veiy  important  aspect  of  design. 

2 . 4  Manoeuvre 

Since  the  controls  are  the  means  whereby  Hie  pilot  can  cliangc  the  statu  of  the 
aircraft,  some  margin  must  bo  defined  to  enable  Ihl.s  to  happen.  In  (he  rolling  axis 
the  trim  requirements  are  relatively  modost ,  re.suiting  .is  they  do  from  asyimrietrii's , 
but  tho  agility  of  tho  aircraft  is  vitally  affected  by  the  roll  accelerations  and  rales 
that  can  be  obtained  at  alJ  oporalional  parts  of  tln^  flight  envelope.  Figure  10 
illustrates  roll  purforfiuinco  requir«.‘monts,  t rad i t  iona  1 1  y  doomed  necess«nry  to  provide 
the  necessary  agility  for  combat  airorofl . 

In  tho  pitch  axis  the  control  [jowurs  are  usually  dosigiieil  b/  low  speed  high  angle 
of  attack  or  riosewheol  lift  considerations  for  aoroo last ica 1 1 y  efficient  surfaces  and 
tho  margin  for  manoeuvring  (producing  pit.tdi  acceleration)  at  iiigh  speed  is  ,uitomat  i  ca  1  1  y 
established . 

2 . 5  Stabi-lisation 

Controls  have  always  been  used  by  the  pilot  to  stabilise  the  aircraft  dynamically, 
but  automatic  stability  augmentation  ha:,  become  an  inc:reasingly  important  and  powerful 
function  of  the  aircraft's  controls.  Starting  from  the  no«;d  for  dampers  about  all  three 
axes  in  subsonic  and  early  aupersonic  aircraft,  wo  have  now  progi.'ssed  to  the  need  for 
increased  stiffnees  in  the  yaw  and  pitch  axes,  duo  to  tho  use  of  instability  to  enhance 
the  turning  performance  of  combat  aircraft.  The  increasing  degree  of  pitching  instability 
over  the  years  is  illustrated  in  Figure  11. 

2 . 6  Control  n  Turbulence 

The  power  and  sensitivity  of  the  aerodynamic  controls  are  important  factors  in 
enabling  the  pilot  to  control  the  aircr.ift's  response  to  external  di.sturbances,  such  as 
gusts.  Pilots  will  sometimes  criticise  aircraft  with  ineffective  or  sluggish  controls 
as  being  "susceptible  to  gusts".  On  the  other  hand  automatic  gu3t  alleviation  systems 
can  be  introduced  to  operate  the  controls  in  such  a  way  as  to  reduce  the  effects  of 
gusts . 
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2 . 7  Control  of  the  Structure 

With  the  availability  of  hiyh  performanccf  fast  and  high  integrity  control  systems 
for  other  purposes,  it  is  becoming  natural  to  use  the  aerodynamic  control  for  structural 
load  alleviation  and  flutter  suppression.  This  requires  a  comprehensive  knowledge  of  the 
control  surface  unsteady  aerodynaniic/st.ructural  InteracLiuns,  for  significant  let  alone 
full  benefits  on  configuration  and  weight  to  be  gained. 

2 . 8  Aceleration  and  Deceleration 


We  should  not  forgot  the  speedbraKcs  on  combat  aircraft.  Their  function  is  to 
produce  deculerat-ian  with  as  little  effect  on  pitching  and  yawing  mo-ment  and  buffet  as 
possible.  We  sh.oulii  really  include  the  'Engine  amongst  the  important  controls  which  have 
a  vital  function  in  the  operation  of  tht  aircraft.  The  natural  agility  of  an  aircraft 
can  be  seriously  impaired  if  the  engine  itself  is  not  agile  and  is  not  able  to  change  its 
thrust  level  rapidly  at  the  command  of  tJio  pilot. 


3,  HBQUIRKMENTS 

3 . 1  Genera  I 

Figure  12  shows  the  percentage  of  emt)l:y  mass  of  a  number  of  recent  aircraft,  which 
is  taken  up  by  the  flying  control  surfaces,  actuators,  control  computers  and  associated 
hydraulics.  Two  things  should  be  noted.  First,  the  flying  controls  comprise  a 
surprisingly  high  percentage  of  the  empty  mass  exceeding  10%  in  some  cases.  Secondly, 
those  aircraft  which  have  a  high  degree  of  instability  or  control  augmentation  generally 
reflect  this  in  a  larger  percentage  of  the  empty  mass  being  taken  up  by  the  associated 
controls  and  the  heavier  actuators  that  are  needed  to  [)rovide  the  necessary  power  and 
integrity.  In  those  circumstances,  careful  consideration  of  control  requirements  and 
the  optimisation  of  the  design  of  the  aerodynamic  control  surfaces  is  important,  if  the 
overall  mass  t)f  tlie  aircraft  is  to  be  conlroJled-  We  will  now  go  on  to  consider  some  of 
the  specific  requirements  relating  to  the  control  functions  described  in  Suction  2. 

3 . 2  Control  Powejr 

The  maximum  coni  rolling  moment  available  about  a  given  axis  needs  to  bu  considered 
for  low  speed  design  cases  and  occasionally  at  high  supersonic  speeds  where,  for  instance, 
fin  and  rudder  combinations  can  become  ineffective  due  to  .leroelastii-s  for  both 
stabilisation  and  for  control.  Figure  IJ.  At  low  speeds  the  directional  control  power 
must  be  sufficient  to  kick  off  drift  when  landing  at  the  maximum  design  cross  wind  with 
an  adequate  margin  in  roll  to  counter  the  dihedral  effect.  Additionally  the  conlrol  ol 
sideslip  excursions  at  the*  angle  of  attack  limit  in  a  combat  configuration,  must,  also 
be  considered. 

Tliorc  must  always  bo  enough  pitching  moment  control  to  achieve  any  point  within 
the  flight  envelope,  including  high  angle  of  attack  and  high  normal  load  l.icltir.  For 
an  unstable  canard  configuration  i'oroplano  stall  must  bo  avoided.  For  a  stable  aircraft 
the  lack  of  sufficient  control  power  merely  limits  the  flight  envuloi>e  itself  and  the 
leault  of  running  out  of  control  power  is  a  safe  retreat  to  within  the  i*x.iating  flight 
envelope.  There  can  be  except  ion.9  to  this,  where  tailplane  stall  is  involved.  An 
interesting  example  was  met  on  a  Hawk  variant,  where  it  was  possible  for  the  tailplano 
Vo  stall  and  lead  to  a  stable  low  incidence  situation  in  recovery  from  a  stall  with 
f'ul.l  fla(>  undercarriage  up,  in  which  the  aircraft  could  only  be  recovered  by  the  retraction 
of  flaps.  This  situation,  although  not  relating  to  the  essential  part  of  the  flight 
envelope,  was  in  fact  eliminated  in  development  in  an  interesting  way  by  the  .lUdition  of 
a  small  fixed  leading  edge  stiake  near  the  talJplano  apex.  Figure  14  shows  the  pitching 
mcment  characteristic?  arid  Figure  15  the  strake.  (Roferenoo  1). 

3.3  Control  Power  Gradtont 

The  gradient  of  controlling  moment  for  small  control  deflections  ia  usually 
sufficient  if  the  maxinium  controlling  moment,  available  has  boon  achieved  for  reasonable 
maximum  control  deflections.  it  is  necessary,  however,  to  conaider  the  gradient, 
particularly  in  cases  where  control  characteristics  are  non-linear  and  wherii  a  large 
degiet?  of  stability  augmentation  may  be  required.  In  such  cases  inadequate  or 
significantly  varying  control  power  gradient  would  lead  to  excessive  system  gains, 
resulting  in  large  Inertial  effects  on  the  structure  and  excessive  demands  from  the 
hydraulic  system  and  actuators. 

j .  4  Linearity 

Whereas  the  control  system  designer  would  naturally  prefer  linear  characteristics, 
considerable  levels  of  non-linearity  are  often  dealt  with,  or  avoided.  A  particular 
example  is,  in  the  case  of  the  use  of  spoilers  tor  roll  control,  as  shown  in  Figure  lb 
where  the  non-linearity  can  be  markedly  diff«Tent  for  flaps  up  and  clown,  with 
significant  itupl ical ions  on  the  design  of  the  control  to  minimise  this  effect  and  on 
the  F.C.S.  to  deal  with  the  characteristic.  Also  in  the  case  of  foraplane 
characteristics,  where  the  interaction  with  the  wing  l**ads  to  a  loss  of  pitching 
moment  control  from  the  for»*planc  in  certain  areas  of  incidence  as  illustrated  in 


Figure  17.  If  flaps  arc  employed  as  an  additional  pitch  control,  the  area  of  low  foro- 
plane  control  effectiveness  can  be  avoided  by  appropriate  scheduling. 

3 . 5  Control  Rato 

The  specification  of  maximum  actuator  rates  for  aerodynamic  controls  is  an  important 
part  of  the  design  in  highly  augmented  aircraft.  When  actuators  are  opjcr.ic.od  on  their 
rate  limit  .M.  high  amplitude,  the  phase  lugs  produced  are  greater  than  those  Which  would 
result  from  a  pure  mathematical  rate  limit  lending  to  risk  of  PIO  Figure  18.  This  can  be 
avoided  by  careful  design  of  rate  limits  on  the  e-leclricai  signals  within  the  flight 
control  system,  related  to  the  specified  poiformanco  of  the  actuator  and  of  coursi’  by 
adequately  sited  accumulators  in  the  hydraulic  sy.steni- 

3 . 6  Hinge  Moments 

Control  auri/ico  Itingo  moments  arc  still  an  important  paiametur  in  airciuft  design. 
For  combat  aircralL  wiih  a  wide  l light  envelope,  it  is  important  to  position  tin;  spigot, 
hinge  line  of  all  moving  controls,  so  as  to  minimise  the  maximum  hinge  inoincnts  in  both 
directions,  thus  optimising  tiic  mass  ot  a^rtuators  and  structural  back  up.  In  fact  in  the 
drive  to  minimise  weight  wo  may  be  going  full  circle  back  to  a  real  degree  of  aoiodynamic 
balance.  Figure  19.  In  flight,  I'xccssive  hinge  iiujiiienl  s  ir.in  lead  lo  changes  in  trimmed 
stick  position,  or  restriction  in  the  control  surface  angle  available  due  to  iack  sink 
and  aeroolastic  dei  lections.  On  the.  daguor  aircraft,  wheto  a  non-linear  rjoaring  was  used 
with  a  fixed  foci  spring  to  simulate  Q  feel,  the  jack  sink,  duo  to  the  .Jltered  jet  plume 
characteristics  in  re-heat,  l('d  i.idiroctly  to  light  stick  Lorees.  For  this  ri’asun  tin* 
taiip.lanu  hinge  moments  wtjre  trinuned  by  a  large  choid  trim  tab  tit  the  inbotird  edge'  of 
the  tailplanc  trailing  edge,  Figure 

3.7  Structural  Interactions 


t'lutter  has  always  boon  a  major  concern  to  the  Aoroilyii  -'d  c  Control  Designer. 
Structural  stiffness  and  jack  impedanc<'  could  be  defined  wit*  e  possibiliiy  of  <uldition.il 

mass  balance  to  ensure  a  suf f ici erd  I y  high  flutter  ;-pued.  Mi  incrfuainq  U?vols  of 

stability  augmentation,  Lite  coupling  of  the  I’CS  willi  the  strui*uie  I’.as  become  more* 
difficult  to  deal  with.  Inilially,  structural  notch  filters  could  be  introduced  to  lOfturi- 
that  the  nystem  was  atubie  on  the  ground  and  flight  at  highi'r  spee<is  would  t.hen  he  «IimII 
with  by  the  scheduled  n*ductioti  In  gains  as  dynamic  pressure  incri'ased.  With  highet  li  vi'ln 
of  augmentation  for  unstalile  aircraft,  and  so[»arated  flows,  however,  thi.s  assumption  t.*an  no 
longer  be  mad'  and  the  aero -struclura  1  charairtcrist  ics  of  the  airci.ift  al  high  spei.Ml  have 
to  be  included  in  th«  c^aiculation .  Up  to  the  present  time  «iH  aivciaft  llown  by  ilAe  hav»* 
been  purely  garn  stabiltvod  in  iujip«=*ct  ol  tcs  structure  coupling,  out.  in  order  to 
accommodate  large  number.s  <jf  external  stoies  on  fututt*  aiiciafl,  with  liiglt  li-vels  of 
auunuHitution,  phase  ul abi 1 isot ion  must  be  considet cd •  At  the  same  lime  Uu;  reliability 
(if  highly  au<jment«j<J  flight  contiol  syatents  would  allow  us  to  use  tin-  syr.lfin  lur  ijcl  i  vi* 
flutter  sui)prcssion  on  tutuie  aiicra't.  Tliiu  hau  been  demons tratotl  a  numl)i*r  cl  limns  in 
Wind  Tunnels  and  in  flight,  but  lias  yot  to  be  used  routinely  in  an  oporai  ion.i  1  a  i  rer  <tl  t  . 
This  is  likely  to  ro.sult  in  o  rtxju  ireimMit  for  even  hi<)hiM  i.ili-  act  u.ii  or  . 

Thrust  Vectoring  -  Control  iiaplicatxoiis  for  VlFFing 

On  a  jot-borne  or  even  partially  jet-borne  aircraut  the  contiuls  must  c.iti.'t  lor 
d.irocL  thrust  moments,  jet  iiiduced/actodynamic  effects  .ind  the  effeels  <jI  ground  proximily. 
C'ont.rel  of  j(?t-hocne  flight  is  currenlly,  o.q.  on  llarriei,  by  riMClion  control  jets, 
however,  it  ia  becoming  realistic  to  consider  modulation  at  tin.-  main  no/.i^lcs  for  control 
ol  an  operational  aircralt. 

Jet -Itornu  Phase 

With  Harrier  in  ground  cffi^ct  sideslip  ami  .lircinlt  attitude  affect  t  lu- 
signiJionnt  overall  forces  and  moment:;  imlueed  by  Lliu  pioccnce  ol  Liu.-  ground,  The  basic 
Control  rt’qui  reiiients  lu-*re  .u  e  lo  trim  th**  tiiicrall.  ov«'r  the  op<*rat  ioit.i  1  i:.g.  Taiup’, 
its  liniinq  ab/mmctric  stores  and  to  en.sure  tlu*  necessary  .liicralt  i  «>s{jnns  i  vente,:;  to  opr-rate 
fium  small  secluded  sites  in  a  wi<le  range  of  wc-aLher  conditions. 

Reaction  Control  Syntem  H  cjui rements 

Ko  1 1  control  requirement  and  ca[»ability  are  i  1  lusl  t  mUhI  in  Figure  .  l<  is 
worth  itol  ing  liero  that  th».'  reaction  control  ;;y:>tein  on  the  original  Kestrel  v/an  found  to 
have  inadequate  capability,  particularly  in  the  roll  axis,  and  was  resixed.  The  control 
problc'ms  were  noted  t(j  bc'  as  n  res’llt  ol  sidesjlip  in  low  speed  fliglU  and  t-onliol  martjin 
in  ground  ofCoct.  .Subsoquerd  aut  os!  .dji  1  isal.ion  improved  I  hr  !;ituation,  par  l  ic:u  lai  1  y 
sides]  i[>  »;1  iniinatiim,  in  this  ei>ntext  the  yaw  control  i:;  theiiyned  'r  prcwitlr  a  yaw 
acc(?  1  e  ra  t  i  on  of  0.26  lail./scje^. 

Figure  21  shows  [>itcli  rc’sponsc  in  relation  to  I  he  e.g.  limits  lor  i  hr  .lir 
with  the  forward  e.g.  giving  the  design  case. 


rcr.rt  t  , 


VIFFing 


In  forward  flight  deflecting  thrust  to  augment  lift  inducua  Marked  trim  changes, 
which  must  be  controlled  in  such  a  manner  as  to  fully  capitalise  on  the  lift  gain. 
Basically  the  Harrier  pitches  noB»*-up  os  the  nozzles  are  deflected  in  forward  flight 
This  is  mainly  due  to  the  variation  of  downwash  and  local  dynamic  pressure  at  the 
tailplani  .  Obviously  the  offset  of  the  thrust  centre  position  from  the  c.g.  will  cause 
additional  pitching  moment  to  bo  generated.  The  majority  of  the  induced  pitching  moment 
is  generated  between  10  and  25®  nozzle  deflection.  Figure  23  shows  the  effect  of 
lowering  the  nozzles  with  fixed  tailplane  angle  from  a  nominal  16  degree  AOA,  as  a 
function  of  Mach  number  and  height  (hence  q).  Figure  24  shows  the  incidence  required 
to  maintain  a  5  *q'  turn  at  a  variety  of  nozzle  angles  at  10000  feet. 

The  nozzle  drive  motor  capability  is  such  that  the  full  range  of  nozzle  deflection 
is  not  achieved  at  high  dynamic  pressure  duo  to  nozzle  hinge  moment  limits.  Figure  25 
shows  tftc  maximum  nozzle  angle  a.s  a  function  of  dyn.:mic  pressure.  Plotted  on  the  same 
figure  are  the  corresponding  tailplane  angles  requited  to  trim.  The  nozzle  aft  (i.e. 
normal  trim)  is  around  1  degree. 


4.  yUTURK  CONTROL  TBCHNOUXIY 

Much  Of  the  aorodynaraie  control  design,  even  on  moderr^  comoat  diit?raft,  is  based 
on  well  founded  toclinology#  but  there  arc  some  questions  still  t<j  be  ajiswered  for 
future  aircraft  projects.  Home  of  the  major  technology  chalien'^es  arc  as  fullowy:- 

1)  A  better  understanding  of  agility  and  its  relation  to  the  operational  use  of 
the  aircraft. 

2)  Increasing  use  of  dot lected  thrust  and  thrust  modulation. 

3}  Integration  of  the  pov/orp)ant  and  the  aeiodynamic  cont.rols  into  a  common  control 

system . 

4)  A  qrcati  ■  under.standing  of  separated  flows  and  their  control. 

'»)  Improved  prediction  of  stru«'tural  effects  both  static  aeioelastic  and  the 

coupling  of  the  FCH  witti  stiuotural  dynamics. 
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SUMMARY 

The  NASA  is  conducting  a  focused  technology  program,  known  as  the  High-Angle-ol-Attack 
Technology  Program,  to  accelerate  the  development  of  flight-validated  technology  applicable  to  the 
design  of  fighters  with  superior  stali  and  post-stall  characteristics  and  agility.  A  careiully 
integrated  effort  is  underway  combining  wind-tunnel  testing,  analytical  predictions,  piloted 
simulation,  and  full-scale  (light  research.  A  modified  P-18  airplane  has  boon  extensively 
inslrumentod  for  uso  as  the  NASA  HIgh-Angle-of-Atlack  Research  Vehicle  used  for  flight 
verification  of  new  methods  and  concepts.  This  program  stresses  the  importance  of  providing 
Improved  airplane  control  capabilities  both  by  powored  control  (such  os  thrust-vecterlng)  and  by 
innovative  aerodynamic  control  enneepts.  The  program  is  accomplishing  extensive  coordinated 
ground  and  (light  testing  to  assess  and  improve  available  experimental  and  analytical  methods  and 
to  develop  new  concepts  for  enhanced  aerodynamics  and  for  effective  control,  guidance,  and  rockpit 
displays  essential  for  effective  pilot  utilization  of  the  Incraasod  agility  provided. 


Symbols 

X  longitudinal  body  axis 

p  roll  rate  about  body  axis 

r  yaw  rate  about  body  axis 

u  angle  of  attack  (alpha) 

p  angle  of  sideslip  (beta) 

N  body  axis  yawing  moment 

L  body  axis  tolling  moment 

li  moment  of  Inertia  in  yaw  (body  axis) 

lx  moment  of  inertia  In  roll  (body  axis) 

M  pitching  moment  (body  axis) 

Macii  Mach  number 

Hn  Heynolds  number  based  on  wing  moan  aerodynamsc  chord 

Mil  military  (or  intermediate)  power  sotting 

Acror  nS 

CTD  Computational  fluid  dynamics 

HATH  High  Angle  ct-Atlack  Technology  Program 

HARV  High-Alpha  Research  Vehicle 

LB(  Leading  edge  extension 

TVeS  Thrust-Vectoring  Contri;!  System 


MFCS 

PVI 


Research  Flight  Control  System 
Pilot  vehclo  interface 


stab  stability  axis 

1C  inertial  coupling 


1 .0  iNTRQDUCTIQN 

The  projocled  scenario  lor  future  air  combat  engagements  emphasises  an  uxtremuly  demanding 
environment  in  which  the  participants  must  possess  highly  agile  aiicraft  in  order  tu  survive  and  win. 
This  demand  lor  agility  will  result  in  intentional  flight  at  high  angles  of  attack  (high  alpha)  in  order 
to  generate  the  angular  accelerations  and  positional  maneuver  advantages  required  for  a  successful 
engagement  Unfortunately,  the  current  state-of-the-art  in  design  methodology  lor  high-alpha  flight 
conditions  Is  relatively  poor,  typically  resulting  In  extensive  cut-and-try  efforts  to  fix  vehicles  in 
an  untimely  and  costly  fashion.  Chambers  (raleronco  1)  presents  an  excellent  summary  of  recent 
experience  with  high-alpha  problems  lor  high-performance  aircraft  and  solutions  dutinud.  These 
design  shortcomings  have  been  dramatically  illustrated  in  the  past  by  a  large  number  of  accidents 
and  flight  restrictions  caused  by  deficiencies  in  high  alpha  behavior.  The  magnitude  of  the  problem 
is  illustrated  by  the  data  presented  in  figure  1.  which  lists  the  documented  high-alpha-rulated 
losses  tor  high-performance  military  vehicles  during  the  last  decade.  The  large  losses  experienced 
with  tliu  older  aircraft  are  an  indication  of  deficient  designs  which  resulted  from  an  intention  to 
avoid  the  high-anglu  of-nttack  envii-onmont  by  using  stand-off  or  slashing  attacks. 

Althotigh  the  current  safety  record  Iras  dramatically  improved  lor  aircraft  like  the  F-15  and 
I--18,  current  fighters  are  rulatively  limited  in  effective  maneuver  capability  at  elevated  angles  of 
attack.  In  large  part  due  to  inadequate  control  power.  In  addition,  certain  aircraft  such  as  the  Fie 
must  use  artificial  anole-ol-attack  limiters  to  constrain  the  flight  envelope  and  avoid  loss  of 
stability  and  control  The  foregoing  considerations  ropreseiit  a  severe  impediment  to  thu 
aggressive,  "care  free”  maneuver  philosophy  required  in  cuirent  and  tuturo  air  combat. 

As  just  noted,  improved  control  power  is  a  primary  need  to  obtain  high-alpha  maneuverability 
in  current  and  future  fighters.  The  ability  to  generate  rapid  body  axes  angular  rates  at  high-alpha 
flight  conditions  requires  offootivo  control  capability  about  an  three  aircraft  axes,  with  the  most 
critical  requirements  being  in  yaw  and  pitch  as  described  in  reference  2.  Thy  yaw  requirement  Is 
illustrated  in  figure  2.  Because  rolling  about  the  body  x-axis  at  high  angles  of  attack  gunuratos 
largo  sideslip  excursions  due  to  kinematic  coupling,  modern  fighter  airciaft  aro  designed  to  roll 
more  nearly  about  the  volocity  vector.  It  is  clear  that  this  conical  rotational  motion  (Indicated  by 
"piiub")  eliminates  the  coupling  between  angle  of  attack  and  sideslip.  Resolving  psiab  into  the  body- 
axis  system  shows  that  this  motion  involves  body-axis  yaw  lalo  (r)  as  well  as  roll  rate  (p)  and  that 
these  rates  are  related  by  the  expression  r  -  plan  (alpha)  Converting  this  relationship  to  rotluct 
control  roquiromonto  gives  the  expression: 

N/L  -  (|j  /lx)tan  (alpha) 

The  tan(alpha)  term  in  the  expression  chows  that  the  required  yaw  control(N)  increases  nonlinoarly 
with  increasing  angle  of  attack.  Furltiurmoro,  because  IwU  can  be  large  (5  tc  10)  for  slender, 
fuselage-heavy  fightur  airplanes,  the  ratio  of  yaw  control  to  roll  control  (L)  required  can  become 
quite  large  at  higher  angles  of  attack  corresponding  to  stall  and  post-stall  conditions  ns  illustratud 
in  figure  2. 

In  the  pitch  axis,  the  ncse-up  pitch  control  requirement  is  driven  primarily  by  the  desire  to  bo 
able  to  trim  the  airplane  to  stall  and  post-stall  angles  of  attack  and  to  genurnto  large  pilch  angular 
ratus  for  rapid  nose  pointing.  In  addition,  however.  I'.  Is  critical  to  have  sufficient  nose-down 
control  to  counter  inertial  coupling  etfocts.  Due  to  the  fuselago-dominated  mass  distribution  of 
modern  fighters,  a  nose-up  inertial  coupling  pitching  moment  is  produced  during  velocity  vector 
rolls  as  giviiii  by  the  expression: 

Mic  -  (1/2)(lz  -  Ix)p2«iab(sin2  (alpha)) 


This  nosa-up  momoni  can  ba  quite  largo  during  rapid  roll's  at  tiigh  angles  of  attack  and  must  ba 
counteracted  by  the  available  nose-down  pitch  control  to  prevent  loss  of  control.  The  challenge 
today  is  to  provide  effective  control  concepts  at  high  angles  of  attack  that  do  not  create 
unacceptable  penalties  in  other  parts  of  the  flight  envelope  of  advanced  fighters. 

Briefly  outlined  in  figure  3  are  the  problems  with  the  current  state-of-the-art  in  hlgh-anglo- 
of-attack  technology.  They  are  caused,  in  large  part,  by  tha  lack  of  reliable  design  methods  to 
address  the  extremely  complex,  separated  flows  present  at  high  angles  of  attack.  The  nature  of 
these  flows  is  evident  in  the  water  tunnel  photograph  presented  in  figure  4. 

Several  emerging  technologies  (noted  in  part  In  reference  3)  offer  the  potential  to  eliminate 
the  traditional  limitations  imposed  on  designers  due  to  considerations  of  high-ariglo-of-attaok 
characteristics.  These  technologies  include: 

•  Thrust  Vectoring  Concepts 

•  Digital  lUght  Controls 

•  Computational  Aerodynamics 

>  High  Thrust/Waight  Briginos 

The  dramatic  increases  in  control  effectiveness  provided  by  multi-axi.s  thrust  vectoring 
combined  with  the  versatility  and  options  provided  by  advanced  aerodynamic  controls,  displays,  and 
expert  systems  provide  for  unprucodentod  levels  of  agility  and  tactical  options.  Hapidly  rnaluring 
computational  fluid  dynamics  (CTD)  methods  offer  u  significant  saving  in  cut-and-try  wind-tunnel 
testing,  improved  analysis  capabilities,  and  preliminary  design  methods  wfiicli  are  not  currently 
availaSlo.  High  T/W  engine  technology  offers  the  capability  to  rapidly  acceleiate  from  low-speed 

conditions  following  extended  maneuvers  at  high  angles  of  attack,  thus  providing  a  new  onorgy- 

managumunt  option  which  minimizes  one  of  the  current  concerns  regarding  the  tactical  usage  of 
high-angle-of -attack  capability. 

The  iniplomentation  of  those  advaiiced  technologies  offers  immediate  payolf  from  three 
viewpoints  as  depicted  in  figures  5  to  /.  As  shown  in  figure  5,  all  current  llghlors  exhibi!  a  markod 
ducreasu  in  agility  (particularly  in  lateral- directional  motions)  at  high  angles  ol  attack,  In  addition, 
many  of  these  fighters  exhibit  severe  aerodynamic  instabilities  at  angles  of  attack  near  maximum 
lift,  requiring  artificial  alpha  liniiling  by  use  of  the  flight  control  system.  Incorporation  uf  these 
advanced  leolmoiogicis  will  diainulicallv  improve  the  agility  of  future  tiqhlors-  both  within  the 

normal  flight  envelope,  as  well  as  at  extremely  high  angles  ol  attack.  Piloted  simulation  stuoiu.; 

conducted  recently  (refurence  4)  have  shown  clearly  that  substantial  tactical  advantage  accrues  to 
tile  pilot  with  the  option  to  use  high-alpha  maneuvers  with  good  controllabilily:  multi- axis  thrust 
vectoring  oilers  this  capability  without  undue  compromise  In  other  critical  flight  regimes,  f-lighly 
undesirable  alplia  limiters  will  no  longer  be  needed,  and  the  operational  unvulupe  cun  be  extended 
into  ttio  post-stall  regime. 

II  till)  classical  alpha  limits  aru  removed,  new  operational  tactics  and  capabilities  car  be  used 
to  provide  a  dominant  advantage  in  certain  scenarios.  I  or  example,  shown  in  liguru  t)  are  two 
maneuvers  which  are  easily  uffectod  with  advanced  tecfinology.  Iho  ability  to  gain  an  additional 
nose-pointing  angle  provides  a  solution  to  a  commonly  oxporioncod  limitation  in  uir  combat.  Ihu 
ability  to  ruposition  the  airplane  tor  a  liricig  nppoitunily  makes  use  ol  the  abriily  to  uxchunge 
kinotic  and  potential  energy  with  lire  use  of  high  angles  of  attack  to  rapidly  change  maneuver  states 
and  nbtuin  tiro  first  shot  advantage  Herbst  addressed  those  possibilities  in  po.st  slull 
maneuverability  In  i  npth  In  his  discussions  of  sitpormanouvorability  (See  rofuronce  5.)  Finally,  thu 
elimination  ot  traditional  high-alpita  limitalions  provides  the  designer  witli  a  revolutianary  option 
in  airplane  design.  As  illustrated  in  figure  7,  the  dosignur  has  previously  had  to  penalize  relativuly 
efficient  supersonic  configurations  by  geometric  redesign  for  compliance  with  low-speed,  high- 
alpha  stability  and  control  requirements.  This  process  has  been  espocially  undesirable  toi  aircraft 
whicti  spend  an  extremely  small  poition  of  their  opurafional  lives  at  low-spued,  high-ulpha 
conditions.  If  the  advanced  concepts  provide  alteinafive  moans  for  satisfying  these  requirements, 
the  designer  can  take  a  fresh  look  at  the  configuration  and  possibly  enliance  the  relative  elficiency 
of  the  vehicle  at  tlie  design  point.  Thu.s,  solutions  to  high  alpha  limitations  can  provide  significant 
benotits  across  the  speed  range  and  operational  onvelopu. 

Seveial  ongoing  advancud  technology  flight  demonstrator  programs  being  conducted  by  the  U.S. 
Departmerit  ol  Defense  are  based  on  a  recognition  ol  thu  large  potential  of  the  increased  operational 
flexibility  and  Ihu  air  combat  maneuverability  likely  to  be  derived  from  successful  application  of 
thrust-vectoring  for  contiol.  These  programs  include  the  U.S,  Air  Force  STOL  and  Maneuver 


Demonstrator  (highly  modified  F-16  with  canard  and  vectoring)  and  the  Defense  Advanced  Research 
Projected  Agency  X-31.  (See  references  6  and  7.)  Each  of  these  programs  is  attempting  to  quantify 
the  gnlns  possible  from  advanced  control  capabilities  when  properly  integrated  and  properly  used  in 
air  combat. 

The  revolutionary  gains  previously  discussed  will  only  be  obtained  if  the  pertinent 
technologies  are  advanced  in  an  aggressive,  accelerated  manner  with  a  cohesive,  well  coordlnatoo 
focus.  This  realaation  was  the  stimulus  for  developing  the  High  Angle-of-Aitack  Technology 
Program  (HATP)  described  in  this  paper.  Although  many  contributions  to  high-alpha  technology  have 
emerged  from  i^ASA  efforts  in  aircraft  development  programs  and  via  basic  research  and 
development  programs,  they  have  lacked  a  locus  and  validation  cycle,  resulting  in  high-risk 
applications  from  an  Industry  viewpoint. 

The  need  for  the  flight  validation  step  has  become  particularly  apparent  in  recent  airplane 
development  efforts  for  the  F-16  and  F  18,  wherein  significant  discrepancies  were  encountered 
between  ground  test  facilities  and  between  some  ground  facilities  and  flight.  Heforsnoe  8 
describes  the  problems  encountered  with  predicting  the  deep  stall  of  the  F-18  and  reference  9 
describes  the  problems  encountered  In  prediction  of  the  low  lateral  stability  encountered  un  the  F- 
18  near  maximum  lift.  Such  results  strongly  suggest  that  principle  high-alpha  design  capabilities 
should  be  carried  through  flight  validation  to  ensure  confidence. 

Many  aerodynamic  stability  and  control  problems  encounleied  during  aircraft  dovolopmont 
efforts  were  solved  by  cut-and-try  methods  to  meet  time  constraints  and  the  undej lying  fluid 
mechanics  problems  were  not  understood  to  the  level  needed  for  improved  design  metltods  in  Iho 
future;  failure  to  take  time  to  learn  fiem  such  experiences  will  result  in  repeating  the  problems  and 
the  cut-und-try  solution  approach.  The  development  and  maturation  of  high-alpha  technology  would 
minimlas  these  sutprlses  at  the  development  stage  and  ensure  that  the  tactical  capabilities  of 
future  U.S.  high-portormance  military  vehicles  are  superior  to  potential  throats. 

This  paper  .addresses  the  controls  research  opportunities  and  plans  in  Itie  NASA  HATP  by 
providing  a  program  description  highlighting  the  unique  aspects  of  the  program  that  will  enable  the 
exploration  ol  advanced  controls  for  the  high-alpha  (light  regime,  Included  Is  a  brief  description  uf 
thu  program,  with  the  rationale  behind  its  structure,  a  description  ol  the  flight  validation  vehicle 
current  and  planned  capabilities,  and  how  NASA  is  conducting  the  flight  research  aspects  of  the  . 
program.  Highlights  of  recent  results  obtained  in  the  program  to  date  ure  presented  A  de.scriplion 
is  given  of  the  current  locus  for  doveloprnont  of  now  coniiol  concepts  and  the  pluns  to  llighl- 
validate  these  ideas  In  the  near  future. 

2,0  PBC?uflAMUUaGHIL‘aQltl 

The  NASA  program  conceived  to  address  the  higti-alpha  problems  and  the  advanced  tochiiology 
opporlunitios  lor  hiyh-pertorrnanoB  aircraft  is  now  known  as  the  High-Anglo-uf-attack  Technology 
Prograrir  (HATl-’l,  This  program  not  only  addresses  the  advanced  technologies  of  interest  but,  indeod. 
relies  on  them  to  carry  out  the  high-alpha  technology  effort.  The  primary  objectives  of  Iho  HAl  I'  are 
(See  figure  8.):  (1)  provide  llighl-validatud  prediction/anulysis  methodology  Including  exporimuntal 
and  computational  methods  that  accurately  simulate  high-angle-ol-attack  aerodynamics,  flight 
dynamics,  and  flying  qualities;  and  (2)  improve  agility  at  high  angles  of  attack  and  expand  the  usable 
high-alpha  envelope.  Accomplishmonl  ol  these  objectives  will  signilicanlly  inrprovo  the  airplane 
design  process:  minimiiu  the  occurrence  of  unexpected  delfcloncjes:  and  permit  routine, 
unprecedented  use  of  high  alpha  in  tactical  situations,  including  tiiglii  at  post-stall  conditions.  The 
program  provides  the  critically  needed  focus  for  key  technologies  in  an  Integrated  manner  and  uses 
the  unique  expertise  and  facilities  of  NASA's  leading  aeronautics  research  centers,  Including  the 
Langley,  Ames,  and  Lewis  Centers.  Technical  direction  for  and  coordination  ol  the  program  is 
p.  ivided  by  a  steering  committee  composed  of  representatives  ol  each  participating  cuntur  anti 
NASA  Headquarters. 

As  noted  in  the  Introduction,  lull-scale  It  ghf  validation  is  esseniiai  in  ihe  doveiopmont  of 
high-alpha  technology.  To  provide  this  critical  o'emont.  the  High  Anglo-of-Attack  He.search  Vehicle 
(HARV)  is  being  used  and  developed  in  the  program.  A  photograph  of  the  HAHV  is  presented  in  figure 
9.  Selection  of  the  F  18  for  the  flight  vehicle  >MS  done  after  careful  consideration  of  the  research 
thrusts  and  the  potential  capabilities  of  several  rivailabla  U.S.  fighters.  Important  advantages  of 
the  F-18  for  this  role  are  listed  in  figure  10.  Tnc  airplane  was  obtained  from  the  U.S.  Navy  where  it 
was  used  as  the  high-alpha  tost  airpm.r.e  (xnown  as  F-6)  during  the  [-'-18  development  program.  To 
provide  the  precise  control  needed  for  aerodynamic  measurements  and  manouvorability  at  post-stall 


angles  of  attack,  tfie  HAHV  is  being  modified  to  incorporate  a  simple,  low  nost  n  ulti  axis  thrust¬ 
vectoring  control  system  (TVCS)  as  shown  in  figure  11.  No  attempt  is  being  made  in  the  program  to 
develop  a  multi-axis  vectoring  nozzle  suitable  for  production  application;  a  simple  vane-typo 
system  conceived  by  Lacey  (reference  10)  was  selected  to  avoid  complexity  and  cost;  and  the  same 
type  of  system  is  being  used  in  the  "-Si  Program.  As  part  of  this  modification,  a  research  flight 
control  system  (RFCS)  will  also  be  installed  to  allow  investigating  flight  control  laws  for  the  high 
alpha  flight  regime.  A  summary  of  the  capabilities  being  developed  on  the  HARV  is  given  in  figure 
11.  A  more  detailed  description  of  the  HAHV  system  and  the  flight  research  approach  is  provided 
later  in  this  paper. 

The  research  approach  being  taken  in  the  HATP  is  a  balanced  one  involving  the  close  integration 
of  ground-based  and  flight  activity  as  depicted  in  figure  13  Wind-tunnel  experiments, 
computational  aerodynamics,  piloted  simulation,  and  flight  tests  of  the  HAHV  are  oeing  orchestrated 
to  provide  integrated  program  results.  This  approach  is  felt  to  be  essential  since  today  no  single 
method  offers  reliable  answers  and  a  combination  of  those  methods  is  used  in  development  of  new 
aircraft  concepts.  Therefore  the  HATP  will  seek  to  provide  improvements  in  tno  effectiveness  ol 
each  of  these  tools  used  in  Iho  prediction  of  high-alpha  characteristics. 

The  HATP  is  designed  to  focus  in  three  key  technology  areas  as  depicted  in  figure  14;  high- 
alpha  aerodynamics,  advanced  high-alpha  control  concepts,  and  maneuver  management;  a  detailed 
breakdown  of  each  area  is  shown  in  figure  14.  It  is  recognized  that  these  technologies  constitute 
only  a  subset  of  the  full  set  needed  to  produce  an  advanced,  highly  maneuverable  fighter  airplane; 
other  pivotal  technologies  inclurte  propulsion,  engine  inlets,  vectoring  nozzles,  weapons  ralouso.  etc. 
However,  the  set  includad  in  the  HATP  is  essential  to  the  success  of  future  highly  manouverabiu 
aircraft,  is  not  currently  being  addressed  aggressively  elsewhere,  and  fits  the  skills  and  resources 
available  within  NASA. 

Specific  technology  experiments  have  been  defined  and  formulated  in  each  ol  the  key 
technology  areas  so  as  to  provide  valid  prediction/analysis  methods  needed  in  design  methods  for 
future  aircralt.  Ground-based  lesearch  is  being  conducted  to  define  these  experiments  at  the 
research  canters  in  a  coordinated  manner  leading  to  appropriate  flight  experiments  to  bo  carried  out 
on  the  HAHV  for  validation  or  evaluation.  As  the  exporimenls  mature  in  each  luchnulogy  area,  the 
HAHV  will  bo  moditiod  to  tly  Ihe  needed  full-scale  experiments. 

The  emphasis  in  the  aerodynamics  research  is  to  develop  a  sound  understanding  of  the  steady 
and  unsteady  flow  physics  of  3-Ll  separated  flows,  particularly  strong  voilux  flows;  to  develop  and 
validate  computational  and  experimental  methods  lor  the  prediction  of  such  phononiunu;  and  to 
develop  ano  evaluate  concepts  to  control  separated  flows  to  provide  improved  high-alpha 
charactuiiotios.  That  is,  the  approucti  is  to  understand,  predict,  and  control,  txporience  with  the 
F-ia  aerodynamics  during  the  aircraft  doveiopmenl  (roforenco  !))  showed  the  higti-alpha  stability 
characteristics  near  and  above  maximum  lift  ara  dominated  by  the  lorobody  and  wing-body-stiako 
(or  LEX)  flowfields.  Therefore,  these  portions  of  the  aircraft  configuration  wore  taken  ns  the  initial 
focus  for  instrumentation  and  study. 

In  advanced  controls,  thu  umptiasis  is  on  Iho  development  and  evaluation  of  unconventional 
aerodynumic  controls  and  control  laws  dosigned  lor  high-alpha  conditions  and  on  application  o< 
multi-axis  thrust-vectoring  to  augment  aerodynamic  controls  at  low-speed  conditions.  A  strong 
emphasis  is  placed  on  tlio  methods  used  in  developing  the  advanced  aerodynamic  conirols,  including 
both  exporimental  and  analytical  schomos,  to  insuro  that  alter  the  best  concepts  are  verified  in 
flight,  there  is  a  sound  methodology  available  for  application  to  new  aircralt  designs.  In  many 
instances,  concepts  are  evolved  in  generic  experiments  and  are  then  redefinod  for  application  to  the 
HAHV  configuration  to  achieve  validation.  This  process  provides  valuable  exercising  of  the 
development  nrethods  to  check  their  rotruslness  or  dependability. 

Maneuver  management  research  is  developing  the  unique  guidance  laws,  displays,  handling 
quality  requirements,  and  advisory  systems  required  lor  satisfactory  flying  qualities  at  extreme 
angles  of  attack.  The  expecied  levels  of  expanded  maneuverability  will  rnake  improved  cockpit 
display  .and  advisory  suhemos  essential  to  enable  the  pilot  to  fully  utilize  the  expanded  capabilities. 

The  HATP  Is  being  carried  out  in  three  phases  as  indicated  in  figure  15.  These  phases  are 
defined  both  by  a  rational  step-by-step  research  approach  and  by  the  efforts  needed  to  expand  the 
HAHV  flight  envelope.  Phase  I  activities  are  focusing  several  ongoing  generic  research  areas  toward 
achieving  assessment  and  validation  on  the  HARV.  Particular  emphasis  Is  placed  on  aerodynamic 
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studies,  documentation  of  the  HARV  baseline  agility,  correlalion  of  inflight  and  ground-based 
predictions  for  aerodynamics  and  flight  dynamics,  the  development  of  future  technology 
experiments,  and  the  expansion  of  the  HAHV  capabilities.  For  Phase  !,  the  available  angle-of -attack 
range  for  precise  aerodynamic  measurements  is  limited  to  about  40  degrees,  or  less,  (although  the 
airplane  can  be  trimmed  tc  near  55  degrees)  since  the  loss  of  control  effectiveness  and  aerodynamic 
damping  limits  usefulness  at  higher  angles  of  attack  until  some  form  of  control  augmen'ation  Is 
provideo.  During  Phase  I,  the  TVCS  is  being  developed  for  the  HARV  to  provide  that  needed  control 
potvor  (discussed  further  later). 

The  installation  and  flight  demonstration  of  the  HARV  TVCS  will  initiaici  Phase  II  of  the 
program  and  will  double  the  available  flight  e.nveir'pe  of  the  HARV;  goud  :ev3ls  of  controllability  are 
expected  to  near  70  degrees  angle  of  attack.  During  Phase  II  the  aerodynamic  correlation  work  of 
Phase  I  will  bo  extended  to  the  post-stall  regime;  the  new  expanded  flight  envelope  and  maneuver 
capabilities  of  the  HARV  will  be  explored  and  compared  with  predictions.  Concepts  developed  for 
agility  metrics,  maneuver  management,  and  high-alpha  flight  control  laws  and  advanced  control 
concepts,  carefully  defined  in  ground-based  experiments,  will  be  carried  to  flight  for  assessment 
and  verification.  Ground-based  ofturis  will  continue  in  Phase  II  to  define  flight  experiments  for 
validation  of  Improved  aerodynamic  and  control  design  methods.  Actual  flight  tests  of  the  more 
complex  and  extensive  experiments  will  be  accomplished  In  Phase  III.  In  this  last  phase,  the  HATP 
will  focus  on  key  validation  experiments  for  each  of  the  primary  technology  areas:  most  of  these 
experiments  are  expected  to  require  modifications  to  the  airframe.  For  example,  aerodynamic 
prerfiction  codas  will  be  exercised  in  the  design  of  new  forebody  and/or  wing-body-strake 
components  for  the  HARV  (as  illustrated  In  figure  16)  to  demonstrate  the  maturity  of  these  methods: 
references  11  and  12  are  good  examples  of  the  powerful  influence  specific  forebody  shaping  can 
have  on  total  configuration  stability.  Similarly  comprehensive  experiments  are  expected  in  cockpit 
advanced  displays  and  in  new  aerodynamic  control  concepts. 

Throughout  the  HATP,  special  emphasis  will  be  placed  on  conducting  experiments  wherein  a 
close  coordination  between  predictions  and  flight  results  is  achieved.  Special  emphasis  will  be 
placed  on  the  use  of  oxlensive  instrumentation  to  provide  the  ussential  information  for  checking  the 
results  of  predictive  methods  ana  analyses  of  discrepancies  which  occur  between  wind-tuiinel, 
computational,  and  flight-oerlved  results.  The  primary  goal  of  the  program  is  to  provide  valid 
oredictioit  and  analysis  methods  In  each  technology  area.  This  goal  wjII  be  achieved  if  industry 
teams  are  able  to  use  previously  una/allable  predictive  meiheds  and  options  at  all  stages  of  the 
design  process  to  ensure  superior  high-alpha  qualities. 

PssgfiBtion  ot  Hign.-AtohB  Researcfi  Vehicia 


The  test  airpUne  selected  lor  the  HATP  is  F-18  No.  160780  obtained  on  loan  from  the  U  S. 

Navy.  This  particular  aircraft  was  previously  used  for  high-angle-of-attack  and  spin  testing  and  has 
unique  modifications  which  have  been  retained  by  NASA.  A  photograph  of  the  airplane  without  the 
thrust  vectoring  control  systom  (TVCS)  was  shown  in  figure  9,  while  figure  17  shows  the 
installation  details  of  the  six  thrust  vectoring  va.nes  to  be  installed  on  the  aft  fuselage. 

The  test  airplane  is  a  single-seat  version  of  the  F-18  powered  by  two  F404-GE-400 
af,erburning  turbofan  engines  with  pilot-selectable  continuous  ignition  system.  With  the 
installation  of  the  TVCS,  the  divergent  portion  of  the  nozzles  and  the  external  nozzle  flaps  v/ill  be 
removed  from  the  engine.  The  HARV  is  equipped  with  a  ilight  test  nose  boom  and  wing-tip  mounted 
test  pods.  Additionally,  the  airplane  has  an  emergency  spin  recovery  parachute  system  mounted  on 
the  upper  portion  of  the  aft  fuselage. 

The  HARV  is  instrumented  extensively  as  noted  in  figures  18  and  19:  the  research 
insfrumentution  system  allows  the  monitoring  of  over  700  flight  test  parameters.  These 
parameters  include  conventional  flight  lest  parameters,  the  output  of  pressure  transduce, -s  from 
abou;  5CC  surface  pressure  orifices,  from  a  pressure  rake,  and  a  flush  air  data  systeni  (FADS),  the 
output  of  an  inertial  navigation  system,  and  256  words  from  the  data  bus.  For  the  purposes  of  flow 
visualization,  the  airplane  is  equipped  with  a  smoker  system  and  a  surface  flow  visualization 
system.  Smoke  can  be  ejected  to  visualize  the  forebody  and  LEX  off-surfaco  flow  fields  (extending 
aft  to  the  vertical  tails)  and  colored  glycol  can  be  ejected  to  define  the  surface  streamlines  on  the 
lorebody  and  the  LEX,  Visual  data  can  be  obtained  by  two  black-and-wnite  video  cameras  mounted  on 
the  inboard  side  at  the  vertical  tails,  a  color  video  camera  on  the  right  wing-tip  pod,  a  still  35  mm 
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camera  on  the  left  wing-tip  pod,  and  another  color  video  earner.]  located  in  the  cockpit  looking  aft.  A 
more  detailed  description  of  the  flow  visualization  system  and  some  recent  flight  test  results  are 
contained  in  reference  13. 

The  telemetry  system  consists  of  two  independent,  a.synchronous  Pulse  Code  Modulation  (PCM) 
data  encoders  each  with  a  basic  PCM  word  size  of  10  bits.  The  output  of  the  encoders  is  telemetered 
to  the  ground:  no  on-board  recording  of  the  PCM  data  Is  provided  In  ihe  airplane.  Special  provisions 
are  incorporated  in  the  data  acquisition  system  for  higlier  resolution  of  certain  types  of  data  For 
example,  data  collected  from  rate  gyros,  linear  accelerometers  and  the  inertial  measuring  system 
are  encoded  into  t4-blt  words.  The  16-bit  words  from  the  MIL-STD-1$53B  bus  are  inserted  in  two 
10-bit  PCM  words  for  the  purpose  of  monitoring  the  digital  flight  control  system. 


Cnrntiutar  hardware,  architecture,  inout/outout.-  The  implementation  of  the  thrust  vectoring 
control  system  (TVCS)  required  the  modification  of  the  production  F-18  flight  control  computers. 

The  latter  is  a  4-channsl  syshim  that  is  packaged  in  two  identical  boxes.  Dus  to  a  recent  change  in 
the  production.  F-18  flight  control  computer  set,  sufficient  space  now  exists  in  the  two  boxes  to 
house  not  only  tho  dual-redundant  research  flight  control  computers  (RFCS),  but  also  all  of  the 
additional  servo-drive  electrunics  that  are  required  for  the  six  turning  vane  actuators.  The  RFCS  is 
projected  to  use  the  PACE-1750  microprocessor  that  communicates  with  the  modified  F-lfl 
production  system  through  dual  port  memory  as  illustrated  in  figure  20.  A  memory  size  of  32K  16- 
bit  words  is  allotted  in  the  RFCS  for  research  control  laws  which  will  be  programmed  in  ADA.  The 
research  control  laws  will  be  executed  in  the  RFCS  at  the  basic  80  Hz  frequency  of  the  F-18  llight 
control  system.  The  system  will  be  tunctlonally  identical  to  the  standard  F-18  when  it  is  not  In  the 
RFCS  mode,  and  it  is  designed  to  accommodate  research  control  laws  that  will  be  generated 
throughout  the  duration  of  the  flight  test  program,  it  Is  anticipated,  however  that  little  or  no 
change  will  be  made  either  to  the  executive  and  communication  portion  of  the  RFCS  software  or  to 
the  modified  production  F-18  software  during  the  research  program. 

The  hARV  flight  control  system  is  projected  to  have  the  reliability  of  the  production  F-18 
when  it  is  not  in  the  RFCS  mode;  that  is,  dual  fail-operate/tail-safe.  For  the  demonstration  of  the 
thrust  vectoring,  however,  the  system  is  only  required  to  have  fall-safe  capability.  These 
reliaflllty  requirements  will  be  achieved  by  leaving  the  redundancy  management/fault  reaction 
portion  of  the  standard  F-18  syst  m  intact,  and  by  designing  dual  hydraulic  and  electrical 
redundancy  into  the  added,  thrust-vectoring  portion  of  the  system.  Since  all  redundancy  management 
and  fault  reaction  logic  functions  reside  in  the  standard  F-18  flight  control  computer  set,  actuator 
commands  are  issued  only  by  the  F-iB  flight  control  computer  set  even  when  the  control  system  is 
in  the  RFCS  mode.  The  thrust  vane  hydraulic  actuators  are  standard  F-18  aileron  actuators.  The 
redundancy  management  and  failure  status  monitoring  of  this  added  hardware  constitutes  the  bulk  of 
the  added  software  in  the  F-18  HARV  llight  control  computer  set. 

Control  laws.-  The  control  laws  in  tho  standard  F-18  flight  control  computer  set  of  the  HARV 
are  functionally  identical  to  those  of  the  production  airplane  in  Us  basic  configuration  so  that  there 
will  not  be  a  need  tor  extensive  envelope  clearance  or  flight  qualification.  The  re.search  control 
laws,  however,  which  reside  in  the  RFCS  will  be  written  in  ADA  and  will  have  the  flexibility  to 
accommodate  the  requirements  of  NASA's  high-angle-of-atlack  research  during  tho  next  few  years 
Tho  requirements  range  from  merely  stabilizing  the  HARV  at  angles  of  attack  up  to  70  degrees  >0 
demonstrating  the  tactical  advantages  of  thrust  vectoring  during  simulated  air  combat  maneuvers. 
Currently,  there  are  several  control  law  configurations  under  development  by  NASA  and  the 
McDonnell  Douglas  Company. 

The  initial  control  laws  are  designed  for  tho  functional  demonstration  of  thrust  vectoring, 
verification  of  the  predicted  control  effectiveness  derivatives  of  the  turning  vanes,  and  stabilizing 
the  airplane  at  angles  ot  attack  well  beyond  the  capability  of  the  nnroriynamic  control  surfaces. 
Figure  21  shows  the  form  of  the  manouvorinn  requirements  specified  for  the  control  laws  throughout 
the  angle-of-attack  capability  of  the  HARV.  Those  requirements  grow  out  uf  several  years  of 
simulator  experience  with  other  highly  maneuverable  tighter-type  aircraft  in  the  Differential 
Maneuvering  Simulator  (DMS)  of  the  Langley  Research  Center.  The  actual  levels  to  be  specified  (not 
available  lor  puDlication  at  this  time)  will  not  constitute  unique  levels  associated  witn  specific 
maneuvers  but  will  rather  be  the  minimum  set  needed  to  perform  the  research  mission  of  the  HARV, 


Regardless  of  the  details  of  the  control  laws,  at  high  angies  of  attack  where  the  effectiveness 
of  the  aerodynamic  controls  begins  to  diminish,  pitch  and  yaw  controi  wiii  be  augmented  by  the 
moments  induced  by  deflecting  the  jot  exhaust  of  both  engines.  The  amount  of  deflection  or  jet 
turning  angie  is  primariiy  a  function  of  vane  defieciion.  The  determination  of  each  of  the  six  vane 
deflections  from  the  pitch  and  yaw  jet  turning  angles  will  be  an  integral  part  of  the  control  laws 
and  will  take  place  in  the  RFCS.  initially,  the  vane  deflections  will  be  calculated  from  the  two- 
nozzle  average  envelopes  tfiat  are  based  on  single  nozzle  cold-jet  tests.  A  typical  average  jet 
turning  envelope  is  shown  in  figure  22,  It  is  important  to  note  that  the  use  of  average  envelopes  for 
a  twin-engine  airplane  neglects  vane-mounting  asymmetries  or  split  throttle  settings.  Engine 
parameters  required  for  real-time  thrust  calculations,  however,  allow  detection  of  any  gross  thrust 
asymmetries  which  will  result  in  a  downmode  to  aerodynamic  controls-alone  operation.  Refinement 
of  the  calculations  for  vane  deflections  and  the  technique  of  optimal  jet  turning  are  important 
research  objectives  of  the  initial  TVCS  tests. 

An  important  design  feature  of  the  RFCS  is  the  ability  to  revert  to  the  modified  production 
F-1S  flight  control  system  as  a  result  of  either  a  pilot-initiated  action  or  of  a  RFCS  cross-channel 
miscomparison.  Since  the  production  F-18  has  been  subjected  to  extensive  flight  tests  at  high 
angles  of  attack,  including  spins,  an  aggressive  flight  test  program  can  be  pursued  with  the  HARV  as 
soon  as  the  TVCS  is  installed.  As  a  precaution,  however,  the  spin  recovery  parachute  system  has 
been  reinstalled  on  the  HARV  since  the  TVCS  provides  the  HARV  with  a  mucti  higlier  level  of 
maneuverability  and  could  produce  changes  in  the  bosic  stability  characteristics. 

NASA  Hioh-Aloha  Flight  Research  Approach 

intogration  of  simulatipn  and  flight.-  The  approach  to  flight  testing  the  HARV  equipped  with 
the  TVCS,  noted  in  figure  23,  will  be  similar  to  other  tiigh-alpha  flight  tests  which  have  been 
performed  at  Dryden  in  the  past  on  aiiplanes  such  as  the  F-14  and  th-3  X-29A.  7 his  approach  includes 
integrating  a  high-fidelity  simulation  into  the  flight  program,  Throughout  the  flight  tests,  extreme 
care  Is  taken  to  validate  tfie  ability  of  the  simulator  to  predict  reliably  tire  dynamic  response  of  the 
airplane  not  only  to  small,  single-axis  control  Inputs,  but  also  to  large  amplitude,  complex  inputs. 
The  simulator  aerodynamic  data  base  consists  of  the  best  currently  known  information  about  the 
aerodynamics  of  the  F-18  HARV  and  includes  data  from  static,  forced-oscillation,  and  rotary- 
balance  tests.  The  data  tables  are  defined  over  an  angle-of-atlack  and  sideslip  range  of  -15  to  90 
and  +  or  -25  degrees,  respectively.  As  flight  data  ate  becoming  available  at  high  angles  of  attack, 
parameter  estimation  efforts  are  underway  at  both  Ames  and  Langlay  to  retine  the  aerodynamic  date 
base  for  the  HARV.  In  fact,  an  important  resea.'ch  objective  of  the  HATP  is  the  improved  modeling  of 
aircraft  dynamics  at  elevated  angles  of  attack  and  sideslip.  Flight  tests  and  flight  contiol  system 
software  testing  will  be  supported  by  several  types  of  simulation: 

-  Iron  bird  with  hydraulic  system 

-  Hardware-in-the-loop 

-  All-FORTRAN  with  controi  laws  in  ADA 

-  Off-line,  all-FORTRAN  batch 

-  Off-line,  linearized 

In  these  simulations,  which  are  listed  in  decreasing  levels  of  complexity,  many  of  the  modules  such 
as  equations  of  motion,  table  look-up  routines,  etc.,  are  identical.  It  has  been  tho  experience  at 
Dryden  that  each  simulation  has  a  particular  advantage  lor  certain  applications  during  tho  course  of 
major  flight  research  program. 

Additionally,  the  Diffeiential  Maneuvering  Simulator  at  Langley  will  be  used  for  maneuver 
management  and  advanced  display  research  in  direct  support  tho  HATP. 

flight  tSSt  blgckS--  The  flight  testing  ol  the  TVCS  will  procaed  to  clear  the  envelope  shown  in 
figure  24  according  to  several  major  tests  blocks.  Each  block  covers  approximately  three  months' 
duration,  however,  the  blocks  will  be  revised  monthly  to  incorporate  research  objectives  that  wore 
unanticipated  at  the  start.  Detailed  procedures  for  the  following  test  blocks  are  now  being 
developed: 

(1)  Complete  ground  tests  of  the  TVCS  system.  The  tests  will  ensure  proper  operation  of  the 
mschanical  and  hydraulic  components  of  the  turning  vane  system,  and  will  verify  and  validate  the 
software  in  the  modified  F-18  flight  control  computers  and  in  the  RFCS. 


(2)  Airworthiness  tests  to  validate  the  conventional  envelope  of  the  HARV  with  the  TVCS 
install^.  The  tests  will  include  the  engagement  of  RFCS,  control  inputs  designed  for  parameter 
estimation,  and  demonstration  of  safe  transition  into  the  modified  production  F-18  flight  control 
system  from  the  RFCS. 

(3)  Envelope  clearance  of  the  TVCS  below  200  knots  and  a  3-g  normal  load  factor  with 
unlimited  positive  angles  of  attack.  At  increasing  angles  of  attack  the  simulator  response  will  be 
compared  to  that  of  the  airplane  and  data  base  adjustments  will  be  made  as  needed. 

(4)  Envelope  clearance  of  the  TVCS  up  to  a  Mach  number  of  0.7  and  a  6-g  normal  load  factor 
from  15,000  to  40,000  feet  altitude.  This  clearance  will  be  performed  with  control  laws  that  may 
include  modifications  dictated  by  block  (4)  results. 

(5)  Complete  demonstration  and  optimization  of  the  post-stall  performance  of  the  HARV.  This 
block  will  Include  agility  studies,  benefits  of  the  TVCS  during  limited  tactical  engagements,  and 
wind-tunnel/computational  fluid  mechanics  correlation  and  flow  visualization  studies  at  extreme 
angles  of  attack  heretofore  unaccessible. 

Flight  planninn.-  Detailed  flight  planning  will  be  accomplishod  on  the  hardware-in-the-loop 
simulator.  These  simulator  sessions  allow  the  complete  definition  of  the  altitude-airspeed  profile 
of  each  flight  taking  Into  consideration  available  fuel,  airspace  usage,  and  the  most  efficient  mix  of 
flight  test  maneuvers  requested  by  the  various  engineering  disciplines  Involved  in  u  particular 
flight. 


Safety  and  test  control.-  Responsibility  for  the  safe  conduct  and  control  ot  each  research 
flight  rests  with  Oryden.  The  various  engineering  and  operations  team  members  of  this  organization 
have  established  the  preflight  and  post-flight  requirements,  communication  protocol,  go/no-go 
parameters,  chase  aircraft,  and  minimum  data  requirements. 

Recent  Results 

At  this  writing  the  HAfP  is  approaching  the  end  of  Phase  I  and  the  HARV  will  soon  be  grounded 
for  installation  of  the  TVCS  and  RFCS.  Duiing  Phase  I  primary  attention  has  boon  given  to  defining 
the  basic  F-ia  high-alpha  flow  field  using  wind-tunnel,  CFD,  and  flight  tests.  Experimental  results 
have  bean  obtained  In  the  form  of  force  and  moment  data,  on-  and  otf-surface  flow  visualization,  and 
surface  pressures  with  particular  emphasis  on  the  forebody  and  wing-body-strake  (LEX)  portion  ot 
the  airplane  Emphasis  has  beeh  placed  on  this  region  based  on  previous  experience  with  the  F-18 
(reference  9)  which  showed  the  forobody/LEX  region  to  dominate  the  high-alpha  lateral-directional 
aeradynamics.  To  date.  CFD  math  models  have  boon  developed  and  calculations  made  only  for  this 
forward  portion  (from  the  wing-body  juncture  forward)  of  the  HAHV  airframe.  Analysis  Is  in 
progress  to  cor.'elate  these  results  and  to  provide  Insight  Into  understanding  the  data  discrepancies 
observed  in  predicting  the  F-1B  high-alpha  aerodynamics  as  noted  in  reference  9,  Additionally, 
emphasis  Is  being  placed  on  defining  improved  methods  for  subscale  wind-tunnel  testing  at  high 
alphas  to  better  simulate  full-scale  flows. 

Comparisons  of  forobodyfLEX  surface  flows  are  shown  in  figure  25  for  wind-tunnel  scale 
model  results  (le-porcent  scale)  and  flight  results.  These  results  indicate  what  appears  to  be  a 
fully  turbulent  flow  on  the  airplane  versus  a  transitional  How  on  the  model.  However,  the  location 
of  the  primary  flow  separation  linos  on  the  forebody  and  LEX  seem  to  be  in  close  agreement  botwuon 
the  airplane  and  the  model.  Comparison  of  the  total  forco  and  moment  aerodynamics  measured  on 
this  mcdol  with  similar  results  extracted  from  parameter  identification  analysis  of  flight  data 
shows  substantial  agreement  despite  these  not  eable  differences  in  the  surface  flow  patterns. 
Further  analysis  is  needed  to  understand  the  significance  of  these  ditferoncos  in  surface  flow 
pntturns  as  well  as  the  differences  noted  between  different  size  subscale  models  at  equivalent  total 
Reynolds  numbers.  Dramatic  visualization  ot  the  off-surface  flows  has  been  obtained  in  flkjht 
showing  the  forebody  and  LEX  vortices  and  Uieir  inioraction  in  the  angle-ot-attack  region  neui 
inaxiinuin  iii't.  Those  resuiis  uio  b-aiiig  Ouiiipaiou  wliii  wiiio  luni'iol  and  CFD  predictions  both 
qualitatively  and  quantitatively. 

A  valuable  tool  in  correlation  and  analysis  ot  those  results  hes  been  the  CFD  results  developed 
at  Langley  and  Amos.  As  shown  in  figure  26,  results  predicted  usinii  fully  turbulent  Navier-Stokos 
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prediction  method  (reference  14)  appear  strikingly  similar  to  the  patterns  observed  on  the  airpiane. 
Such  resuits  aie  providing  increased  confidence  ‘hat  these  CFD  toois  can  be  used  to  understand 
principai  features  in  the  airplane  fiowfieids  and  to  help  in  sotting  out  differences  observed  in 
subscalb  wind-tunnel  results.  The  CF-'D  models  in  use  are  currently  being  extended  to  model  the 
complete  HARV  configuration.  Until  predictions  are  obtained  from  these  complete  models, 
comparisons  of  available  flight  data  and  predictions  as  shown  in  figure  27,  while  encouraging,  may 
be  expected  to  show  differences  until  the  full  configuration  is  properly  modelled.  As  CFO  methods 
applicnblo  to  the  high-alpha  regime  continue  to  mature  and  become  easier  to  set  up  and  run  for 
specific  geometries,  they  will  be  applied  in  exploring  advanced  airframe  features  to  provide  desired 
levels  ot  stability  and  control. 

The  final  inflight  measurements  scheduled  for  Pnase  I  will  be  the  detailed  sudace  pressure 
measurements  on  the  FIARV  forobody  and  LEX.  These  results  will  be  obtained  during  tho  summer  and 
fall  of  1989.  Other  ground-to-flight  correlation  work  has  included  studies  of  tail  buffet  and 
correlation  of  vortex  burst  locations  for  the  wing-body-strake  vortex. 

Other  important  activities  in  the  HATP  have  included  efforts  to  expand  the  research 
capabilities  of  the  FIAFIV  and  ground-based  work  to  prepare  flight  experiments  for  Phase  II  and  III. 
Several  alternate  air  data  sensors  concepts  have  been  explored  for  providing  reliable  measurements 
of  airspeed  and  angles  of  attack  and  sideslip  at  extreme  angles  of  attack  and  low  airspeeds-such 
measurements  are  essential  for  operation  of  effective  flight  control  laws  at  these  conditions. 
Wind-tunnel  tests  have  been  conducted  to  support  the  development  of  the  thrust-vectoring  system 
for  the  HARV.  Piloted  simulations  are  in  progrecr  exploring  tho  use  of  iiiis  vectoring  capability  and 
the  effectiveness  of  advanced  aerodynamic  control  concepts  as  described  next  in  this  paper.  Ground- 
based  analysis  and  piloted  simulation  work  on  controls,  guidance,  and  PVI  areas  are  well  underway 
and  expected  to  lead  to  new  methods  and  concepts  for  flight  validation  in  the  next  several  years. 


As  noted  already,  operation  at  high  alphas  is  greatly  dependent  on  having  effective  controls  to 
stabilize  the  airplane  and  execute  the  tactical  maneuvers  needed.  The  HATP  Is  stressing  research  in 
controls  fur  the  high-alpha  regime  and  addressing  both  powered  controls,  such  as  blowing  for 
boundary-layer  control  and  thrust-vectoring,  and  advanced  aerodynamic  control  concepts.  The 
approach  being  used  In  the  HATP  high-alpha  controls  technology  Is  to  develop  a  sound  defir.ltion  of 
the  levels  of  control  power  needed  in  realistic  scenarios  and  to  then  develop  and  validate  options  to 
provide  the  control  needed. 

Achieving  the  desired  levels  of  control  effectiveness  at  high  angles  or  attack,  as  noted  in  the 
introduction,  with  conventional  aerodynamic  controls  is  difficult  due  to  extensive  flow  separation 
and  breakdown  that  occur  at  these  conditions.  For  example,  rudders  typically  lose  their 
effectiveness  duo  to  being  immersed  in  the  low  energy  separated  wake  of  the  wing  and  fuselage,  as 
illustrated  in  figure  28.  However,  as  discussed  earlier,  yaw  control  requiremonts  to  maintain  roll 
coordination  actually  increase  with  increasing  angfe  of  attack.  Thus,  an  'ideaf  yaw  control  device 
would  have  characteristics  similar  to  those  shown  by  tho  dashed  curve.  Vectoring  ot  the  engine 
thrust  is  a  very  promising  method  for  achieving  the  desired  control  capability.  As  shown  by  the 
square  symbols,  10  degrees  of  vectoring  on  a  typical  current  fighter  airplane  matches  or  exceeds  the 
effectiveness  ot  the  'ideal'  control  at  the  low-speed  flight  condition.  Because  ot  this  potential, 
extensive  thrust  vectoring  controls  research  has  been  conducted  in  a  number  of  wind-tunnel  and 
simulation  facilities  at  Langley.  The  results  have  verified  the  potentially  l.arge  payoffs  of  this 
technology  (See  reference  4.)  and  have  been  used  to  develop  the  TVCS  tor  the  HARV.  The  oral  version 
ot  this  paper  will  present  a  brief  video  to  Illustrate  those  results.  The  TVCS  will  be  used  to  explore 
tactically  significant  high-alpha  maneuvers  and  to  define  the  levels  of  control  power  needed  in 
these  maneuvers. 

Parallel  research  activities  are  also  being  conducted  to  explore  and  develop  advanced 
aerodynamic  control  concapts  with  effectiveness  characteristics  approaching  the  'ideal'  shown  in 
figure  28.  These  efforts  are  spurred  by  the  potentially  large  payoffs  offered  by  these  concepts, 
particularly  at  the  higher  speed  maneuvering  conditions  as  illustrated  In  figure  29.  Plotted  are  the 
yaw  acceleration  capability  versus  Mach  for  a  typical  fighter  airplane  provided  by  10  degrees  of  yaw 
thrust  vectoring  and  the  'ideal'  aerodynamic  yaw  control  at  alpha  -  35  degrees  and  h  -  20,000  feet. 
The  data  show  that  at  low  airspeeds  (Mach  <  0.3),  the  propulsive  control  is  much  more  effective 
because  of  the  low  dynamic  pressures  at  these  conditions.  However,  at  higher  airspeeds 
corresponding  to  the  region  near  corner  velocity  (M  -  0.6  to  0.7),  the  'Ideal'  aerodynamic  control 
provides  much  higher  control  capability.  Thus,  it  may  be  that  a  combination  of  thrust  vectoring  and 
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highly  effpotive  aerodynamic  controls  will  provide  the  desired  high  level  of  control  effectiveness 
over  the  complete  maneuvering  flight  regime. 

The  strong  vortex  flows  generated  by  the  slender  forebodies  and  wing-body-strakec  of  current 
and  future  fighter  airplanes  at  high  angles  of  attack  (as  evident  in  figure  4)  offer  an  attractive 
opportunity  to  generate  large  aerodynamic  control  forces  and  moments  (due  to  the  long  moment  arm 
from  the  center  of  gravity)  if  effective  means  for  controlling  these  vortices  can  be  developed. 

Several  very  promising  control  concepts  have  been  identified  in  wind-tunnel  tests  of  research 
models  and  are  illustrated  in  figure  30.  Variable  incidence  wing-body  strokes  can  produce  large 
pitch  and  roll  control  moments  at  high  angles  of  attack.  Actuated  forebody  strakes  and  nose  blowing 
have  been  shown  to  be  highly  effective  yaw  control  devices  at  stall  and  post-stall  conditions 
(references  15  and  16).  Each  of  these  concepts  is  being  considered  for  flight  testing  on  the  HARV 
with  the  initial  focus  being  placed  on  the  actuated  fjrobt'dy  strake  concept. 

Extensive  exploratory  wind-tunnel  tests  have  lie^n  conducted  on  the  actuated  forebody  strake 
concept  using  generic  fighter  models.  An  example  result  which  illustrates  the  concept  and  its 
effectiveness  is  presented  in  figure  31.  In  this  implementation  ,  strokes  on  oithor  side  of  the 
forobody  would  deflect  individually  from  their  conformal  positions  depending  on  the  direction  of  the 
yaw  control  required.  Analysis  of  the  resulting  flow  behavior  shows  that  the  strake  acts  as  a 
spoiler  by  pushing  the  vortex  away  from  the  forebody  and  thus  reducing  the  suction  pressure  on  that 
side;  at  the  same  time,  the  vortex  on  the  opposite  side  moves  closer  to  the  surface  hence  increasing 
the  suction  pressure.  The  combination  of  reduced  suction  pressure  on  the  strake  side  and  increased 
suction  pressure  on  the  other  side  produces  a  not  side  force  in  tho  direction  opposite  the  strake.  As 
shown  in  the  figure,  the  resulting  moment  can  bo  very  large  at  stall  and  post-stall  angles  of  attack, 
li  is  intero.sting  to  note  that  combining  the  rudder  and  forebody  strake  results  in  a  yaw  control  with 
characteristics  approaching  those  of  the  'ideal"  aerodynamic  device  shown  earlier  in  figure  28. 

The  actuated  forebody  strake  concept  has  been  adapted  to  the  HARV  configuration  and 
extensive  wind-tunnel  tasting  has  been  conducted  using  a  0.16-Soale  dynamic  model  (figure  32). 

Static  force  and  moment  data  show  high  levels  of  yaw  control  similar  to  those  obtained  on  the 
generic  models.  The  high-alpha  control  capabilities  provided  by  these  characteristics  were  studied 
by  conducting  tethered  tree-flight  tests  of  the  model  rn  the  Langley  30-  by  60-Foot  Tunnel  (figure 
33).  The  results  demonstrate  dramatically  enhanced  controllability  at  low-spued,  high-alpha  flight 
conditions  as  compared  to  the  baseline  configuration  with  only  the  rudders  for  yaw  control.  Piloted 
simulation  studies  show  even  larger  payoffs  at  higher  speed  maneuvering  condition.';  as  suggested 
earlier  In  figure  29. 

Based  on  these  promising  results,  plans  have  been  developed  to  carry  the  actuated  forebody 
control  concept  to  full-scale  flight  tests  on  the  HARV.  The  overall  process  is  illustrated  In  figure 
34.  Additional  experimental  and  analytical  studies  are  underway  to  further  understanding  and 
rellnement  of  the  strake  aerodynamics.  Wind-tunnel  tests  are  Investigating  Reynolds  number  and 
Mach  number  effects  and  the  impact  of  tire  strakes  cn  aurudynamic  damping  characteristics.  Tho 
HARV  forebody  with  conformal  strakes  has  been  modeled  tor  performing  aerodynamic  predictions 
using  advanced  Navier-Stokes  codes  and  preliminary  calculations  correlate  well  with  experimental 
results.  An  engineering  feasibility  study  is  being  completed  to  establish  approaches  for 
imple-moritation  on  the  HARV  and  to  doline  constraints  on  strake  size,  shape,  and  location.  Tho 
combined  results  from  all  of  these  studies  will  provide  the  basis  for  development  of  the  final  strake 
design  to  be  flight  tested.  This  design  will  then  undergo  a  comprehensive  series  of  wind  tunnel 
tests,  CFO  analysis,  and  piloted  studies  leading  to  Implementation  and  flight  testing  on  the  HARV. 
This  systematic  use  of  a  matrix  of  experimerifal  and  analytical  tools  will  assure  maximum 
effectiveness  of  the  flight  program.  The  flight  results  will,  in  turn,  serve  to  validate  these  tools  so 
that  they  can  be  applied  with  confidence  to  new  airplane  designs.  The  current  schedule  calls  tor 
HARV  flight  tests  of  the  actuated  forebody  strakes  to  begin  in  mid- 1992. 


The  NASA  (See  figure  35.)  has  enibarknd  on  an  aggressive  technology  dovciopmont  program  to 
provide  flight  validated  methods  and  concepts  for  use  in  the  development  of  future  tighter  aircraft. 
The  approach  and  content  of  the  program  Is  derivod  from  many  years  of  experience  in  solving  the 
high-alpha  problems  of  developing  now  aircraft  designs.  Program  scope  is  set  to  include  key  facets 
of  R  and  D  Involved  in  advanced  aircraft  development,  including  wind-tunnel,  CFD,  simulation,  and 
flight  tests.  The  goal  of  the  program  is  to  obtain  substantial  Improvements  In  tho  capabilities  of 
each  of  fhess  key  tools  for  high-alpha  predictions  and  to  thereby  support  the  development  of 


improved  design  methods  by  industry.  Additionally,  the  program  seeks  to  define  the  increased  high- 
aipha  manouvorabililty  afforded  by  control  power  augmentation  via  thrust-vectoring  and  advanced 
aerodynamic  control  concepts. 

Program  results  to  date  are  confirming  the  expectations  that  indepth  aerodynamic 
measurements  could  be  obtained  and  correlated  with  coordinated  ground  tests  and  analysis  to 
improve  the  understanding  of  the  complex,  nonlinear  flows  encountered  at  high  angles  of  attack.  A 
high  level  of  interest  has  developed  among  NASA  researchers  in  each  of  the  technology  thrusts--the 
program  is  viewed  as  offering  a  unique  opportunity  for  full-scale  method  and  concept  verification. 
Current  progress  indicates  the  HARV  will  be  equipped  with  the  TVCS  and  the  RFCS  to  provide  an 
greatly  expanded  flight  envelope  during  the  first  half  of  1990. 

Tho  HATP  presents  a  unique  and  unprecedented  opportunity  to  explore  high-alpha  flight  control 
technology.  The  multi-axis  thrust-vectoring  system  and  the  RFCS  being  implemented  in  the  HARV 
will  allow  full-scale  verification  of  the  substantial  high-alpha  manouverability  improvements 
predicted  in  simulation  to  date.  Equally  important,  tho  program  will  develop  new  concepts  for 
improved  high-alpha  control  and  will  provide  validation  of  the  methods  needed  to  apply  such  new 
Ideas  as  well  as  flight  demonstration  of  the  effectiveness  of  such  inr>ovativo  concepts  such  as  tho 
actuated  forebody  strake. 
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SUMMARY 

The  positive  effect  of  iiicrcused  aircraft  agility  on  air-to-air  coinbat  effectiveness  has  created  a 
need  to  quantify  the  impact  of  preliminary  design  decisions  on  the  agility  potential  of  eandidalc 
aerodynamic  configurations.  Recently  developed  measures  of  agility  cun  provide  an  important 
supplement  to  traditional  energy  niancuvciabiliiy  nicasuics  like  specific  excess  power  and  turn  rate. 
The  very  nature  of  agility,  eharacteriacd  by  the  combination  of  traditional  energy  inaiicuvcrability  plus 
controllability,  places  additional  cuiitrollabilily  an'*  departure  resistance  requirements  on  the  aircraft 
design.  The  major  purpose  of  this  paper  is  to  highlight  S|K'cific  issues  of  aircraft  cuntiollahiliiy  tliat 
require  close  attention  during  the  preliminary  design  process.  This  will  help  ensure  that  the  agility 
potential  of  the  final  confignrution  is  not  compromised  at  some  point  in  the  design  process  due  to 
inadvertent  oversight.  Mctiiods  lot  estimating  agility  iioicnlial  early  in  the  design  process  are  given  as 
well  as  extensions  of  eurrcntly  used  departure  susceptibility  prediction  tccliniqiics.  The  paper  begins 
by  giving  a  biicf  synopsis  of  agility  fruin  a  historical  standpoint  and  discussing  scvcial  agility  measures 
of  merit  currently  being  used.  The  benefits  of  improved  lateral  agility  arc  illustrated  by  mapping 
potential  lateral  agility  impruvements  as  a  function  of  angle  of  attack  onto  a  typical  energy, 
maneuverability  envcloiie  showing  regions  of  enhanced  combat  capability. 
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i.O  THE  NEED  FOR  AGHJTY 


A  general  definition  of  agility  is:  ’'The  ability  to  orient  the  state  vector  of  the  aircraft  rapidly  and 
precisely/  Piior  to  the  mid  1960’s»  (he  combat  effectiveness  of  aircraft  was  traditionally  measured 
using  point  performance  data.  As  a  result  of  the  work  of  Col.  John  Boyd  and  Mr.  Tom  Christie,  energy 
maneuverability,  an  element  of  agility,  has  become  the  current  standard  measure  for  comparicoa. 
Energy  maneuverability,  a  steady>s(ate  quantity,  can  be  graphically  displayed  as  a  plot  of  specific 
excess  power  against  turn  rate,  or  as  turn  rate  vs.  speed  or  Mach  number  (Fig.  1).  These  plots  are 
defined  by  configuration  characteristics  like  the  maximum  lift  capability  of  the  aircraft  at  low  speeds 
and  by  its  struc^urai  limits  at  high  speeds.  The  control  response  of  the  aircraft  does  not  directly  affect 
its  energy  maneuverability,  which  is  more  a  measure  of  structural,  aerodynamic  and  propulsive 
efficiency. 


From  the  beginnings  of  aerial  combat,  however,  the  transient  control  response  of  the  aircraft,  its 
agility,  has  been  part  of  the  lexicon  of  pilots,  in  spile  of  its  omission  from  energy  munevuerability 
analysis.  There  have  been  many  references  to  the  value  of  unpredictability  and  to  the  element  of 
surprise  that  acciue  to  the  pilot  of  an  agile  aircraft.  These  qualities  were  part  of  the  effectiveness  of  the 
Fokker  Dr  1  vs.  the  Royal  Aircraft  Factory  S.E.Sa  and  the  Focke-Wulf  190  vs.  the  early  Vickers 
Supermarinc  Spitfire,  to  mention  examples  from  the  two  World  Wars.  For  these  examples,  conventional 
combinations  of  aircraft  configuration  and  control  effectiveness  (stability  and  control,  if  you  like),  were 
the  enabling  technologies  for  agility.  The  Fokker  Dr  1  was  inferior  to  the  S.F.5  in  conventional 
performance  but  with  its  superior  flying  qualities,  was  able  to  oefeat  S.B.S  opponents  even  when 
outnumbered  (Refs.  1  and  2).  In  the  case  of  the  Spitfire,  its  excellent  maneuvering  aerodynamic 
efficiency  was  not  sufficient  to  counter  the  superior  roll  agility  of  the  HW  mo.  Adoption  of  clipped 
wings  in  il>c  later  Mark  Spitfires  allowed  better  roll  control  lesponsc  without  modifying  the  aileron 
control  itself. 


Experiences  from  the  Korean,  Vietnam,  and  Falkland  wars  also  confirmed  the  value  of  agility  on 
more  modern  aircraft.  Foi  reasons  of  space,  they  will  noi  be  repeated  here,  however,  the  general 
lessons  of  earlier  conflicts  still  apply  (Kef.  2). 
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Agility  has  also  continued  to  attract  attention  and  be  a  feature  of  current  fighter  aircraft,  including 
Soviet  designs  (Ref,  3),  so  there  has  always  been  a  need  for  agility.  Today  there  is  increasing 
recognition  of  that  need  because  of  emerging  combat  imperatives  that  may  increasingly  stress  within 
visual-range  (WVR)  combat.  Though  bcyond  visual  range  (BVK)  combat  is  naturally  preferred  by 
whoever  has  the  advantage,  it  is  not  always  possible  to  remain  BVR.  Once  WVR  combat  is  entered, 
escape  is  difficult  because  uir-io  air  missiles  arc  highly  lethal  against  a  close-in  adversary  who  tries  to 
turn  away  from  the  battle  and  run.  So,  WVR  combat  is  a  kill-or-bc  killcd  situation  whose  outcome  can 
be  decided  by  the  quick  shot  opporlunilies  created  by  high  levels  of  agility.  Other  developments  favor 
WVR  engagements;  the  all-aspect  missile  allows  transient  snapshots;  low  observables  technology 
increases  the  possibility  of  an  inadvertent  encounter  with  a  stealthy  adversary,  with  a  WVR 
engagement  resulting;  rules  of  engagen..  t  can  call  for  visual  identification  and  limited  missile  supplies 
mean  that  in  a  protracted  war.  close-in  gunshots  may  soon  become  the  only  option  KTi  to  a  surviving 
pilot. 


With  this  background,  it  can  be  seen  that  agility  measures  would  be  valuable  supplements  to  the 
point  performance  and  energy  maneuverability  methods  of  comparing  configuration  design  choices, 
even  in  preliniinaiy  design. 

1 . 3  Near  Term  Improvements  in  Combat  Agilitv  Using  Existing  Technology 

The  agility 'dcminatsd  combat  of  WVR  cngagcmcMts  involves  frequent  excursions  to  high  angles  of 
attack.  This  is  to  take  advantage  of  shot  opportunities  with  guns  or  ail-uspcct  missiles,  as  well  as  to 
perform  maneuvers  to  evade  missiles.  The  pilot  in  these  circumstances  has  elected  tc  lose,  or  bleed, 
energy  for  the  sake  of  an  advartage  Ihwt  briefly  prescni.s  itself.  Many  aircraft  have  been  capable  of 
transient  flight,  without  loss  of  control,  beyond  the  angle  of  attack  for  maximum  lift  coefficierd  (CLmax)- 
However,  to  control  aircraft  attitude  with  the  rapidity  and  precision  needed  to  be  effective,  new  control 


Energy  maneuverability  is  sometimes  referred  to  as  a  form  o(  agiiiiy.  !n  iris  paper,  we  arc  di^icussmg  more  recent 
dcvclopmciiu  in  transient  agility. 
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conc..p*^  arc  required.  These  concepts  arc  the  enabling  technologies  that  allow  us  to  examine  the 
[totential  of  new  levels  of  transient  agility  and  eventually  of  "superagility"  or  "superinaneuverability." 

Recent  developments  in  high  angle-of-atiack  (AOA)  control  power  technologies  such  as  Thrust 
Vectoring  for  Control  (TVC)  aiid  Vortex  Manipulation  for  Control  (VMC)  have  made  controllable  flight  at 
AOA’s  at  and  above  Ctmax  possible.  This  includes  two  principal  effects  (Fig.  2): 

1 )  The  maximum  AOA  range  up  to  which  the  aircraft  can  be  flown  with  precision  can  be 
increased  from  current  levels  of  25'’  to  30"’  up  to  perhaps  60’  to  70°. 

2)  The  loaded  roll  capability  of  the  aircraft,  i.e..  its  ability  to  roll  with  precision  about  its 
velocity  vector  at  elevated  load  factor  or  AOA's,  can  be  increased. 

To  illustrate  the  correlation  between  enhanced  controllability  and  enhanced  maneuverability  as 
used  in  the  combat  environment.  Fig.  3  shows  EFM  "mapped"  in  a  controllability  domain  and  in  the 
traditional  energy-maneuverability  (EM)  domain.  The  only  additional  control  features  required  for 
current  aircraft  lo  achieve  these  EFM  enhancements  are: 

1 )  Increased  nose-down  pitch  control  power  at  stall/post-stall  AOA's. 

2)  Increased  yaw  control  power  at  ncar-stall/slall/post-slall  AOA's. 

The  bctiefit  of  maneuvering  at  very  high  AOA  has  been  demonstrated  anecdotally  from  combat 
experience  and  via  analyses  in,  for  example.  Refs.  12  through  14.  These  combat  analyses  have 
demonstrated  the  benefit  of  loaded  rolling  as  discussed  below. 


Under  conuact  to  the  USAF  Aeronautical  Systems  Division  (ASD),  Eidetics  has  recently  completed  a 
study  which  quantified  the  combat  effectiveness  of  agility  using  digital  air  combat  simulation  (Ref.  4) 
analysis.  In  this  study  "nominar  Red  aircraft  were  flown  against  "enhanced  agility"  Blue  aircraft  in 
close-in  air  combat  with  vaiying  scenario  sixes  ranging  frotn  Ivl  to  2v2  and  4v4.  Conservative  (high 
speed)  tactics  were  employed  in  the  simulation  with  no  maneuvering  below  400  KIAS.  Both  forces  were 
equipped  with  all-aspect  AIM-VL  missiles. 

The  simulation  results,  summarized  in  Figs.  4a  &  4b  (Kef.  5),  show  that  enhanced  agility  produced 
a  combat  effectiveness  increment  roughly  equivalent  to  the  increment  derived  from  a  30%  increase  in 
thrust  plus  a  23%  decrease  in  wing  loading.  It  is  important  to  note  that  the  agility  enhancements  were 
limited  in  our  model  lo  those  that  would  be  achievable  through  conventional  controls  technology. 
Further,  the  simulation  results  show  that  lateral  (torsional)  agility  was  found  lo  be  nearly  twice  as 
significant  in  improving  combat  effectiveness  as  either  pilch  or  4x1,11  agility.  For  this  reason,  much  of 
this  paper  will  fo>'.us  on  lateral  agility. 

We  can  sumrnaiizc  the  above  by  pointing  out  first  that  agility  has  always  been  important,  and 
today,  this  is  no  less  true,  according  to  combat  experience  and  to  recent  analyses.  Second,  because  the 
fundamental  balance  between  siabitity  and  control  defines  agility,  we  would  expect  to  rc-examinc  this 
balance  as  we  evaluate  new  control  devices,  stability  and  control  criteria,  and  test  methods.  In  the 
following,  we  will  amplify  this  second  point. 

2.0  CONSIDERING  AGILITY  IN  TIE  DESIGN  PRQCE,SS 

There  is  no  shortage  of  ciigineciing  definitions  of  agility,  ranging  from  highly  theoretical  concepts 
to  easily-measured  flight  test  measures  (Kefs.  7-11).  The  quantification  techniques  shown  in  Fig.  S 
(Refs.  2  and  6)  have  been  developed  by  Eidetics  to  compare  aircraft  response  characteristics  in 
essentially  all  the  aircraft  degrees  of  freedom.  Whatever  the  definition,  it  is  intuitively  obvious  that 
control  power  is  of  prim.iry  importance  in  defining  initial  response,  and  so,  control  effector  performance 
at  maneuvering  angles  of  attack  to  a  great  extent  establishes  agility. 


To  consider  agility  in  design  mcn.is  that  conliollability  must  be  considered  early  in  ihc  design  and 
to  a  greater  extent  than  is  the  curre  practice.  For  example,  when  specifying  centio!  surface  rate 
requirements,  the  emphasis  has  been  traditionally  placed  on  the  terminal  flight  phases  (takeoff  and 
powered  approach)  where  low  dynamic  pressure  and  the  tight  tracking  type  requirements  combine 
with  potentially  adverse  atmospheric  conditions  (gusts,  crosswiiids,  wind  shears,  etc.)  lo  create  a  very 


demaiic  .ng  conlrollabilU>  problem.  However,  ihe  rapid  initi.il  response  required  when  maneuvering  at 
high  AOA  produces  even  greater  demands  in  an  equally  demanding  environment.  Also,  the  aircraft 
rotation  rates  and  attitudes  are  at  much  higher  values  in  maneuvering  flight  and  create  additional 
factors  that  need  to  be  considered  when  analyzing  control  power  lequiremenis. 

As  an  example,  the  two  main  control  power  consideration.s  for  agile  maneuvering  are  the  control 
of  pitch  and  yaw  acceleration  while  maintaining  angles  of  attack  where  aerodynamic  pitch  and  yaw 
control  power  arc  greatly  reduced.  Roll  control  is  also  important  but  body  axis  roll  control  power  is  not 
a  key  limiting  factor.  To  illustrate,  consider  the  pitch  ((j  and  yaw  (i^  acceleration  equations  as  .shown 
below: 

^  M  ,  ^  ,k2  h2, 

ly  ly  ly 

=  QdatO  +  QNKRTlAL 

^  N  U  -  ly.  pQ  ^  >iu  (ji,, 

=  »<AI£kO+  ^INFiRTIAL 


To  maintain  control,  the  aerodynamic  contribution  to  the  above  equations  must  be  greater  than  the 
inertial  coupling  portion,  as  shown  graphically  in  Fip,nre  6  In  this  figure,  wc  constrain  the  rolling 
motion  to  be  about  the  stability  axis,  so  that  R  =  Riaiia,  and  a.tsumc  that  the  roll  is  initiated  while 
performing  a  coordinated  turn,  so  that  0  =  V  sin<l>.  'Fhc  two  lines  shown  on  each  figure  represent  two 
diffciint  sets  of  inertial  chaiactcrisiics.  As  illustrated.  Configuration  1  would  he  control  power  limited 
at  a  lower  AOA  Ilian  Configuration  2.  This  could  be  representative  of  two  fuel  and/or  store  loadings  for 
any  particular  aiicrafl. 

Most  aircraft  exhibit  some  reduction  of  control  power  at  high  AOA  which  further  exacerbates  the 
inertial  coupling  probletit.  I'igurc  7  illustrates  typical  fighter  characteristics  as  examples.  Alst)  shown 
oil  ilic  figure  are  the  critical  AOA  tegitms  where  control  power  .slumld  be  cnluintcd.  It  is  iniportaiit  to 
note  that  although  wc  focus  here  on  iiicriiai  coupling  effects,  the  stability  vs.  control  balance  of  the 
aerodynamic  tcun.s  '*'*‘^*  ultimately  irnpoilam.  Fur  example,  the  coiitribuiion  of 

the  stability  and  damping  derivatives,  Cn|5  and  ('nf,  can  influence  ilie  total  re.storing  moment  of  the 
configuration  as  much  as  control  power  in  overcoming  the  inertial  effects.  Our  point  is  that  total  aircraft 
jcrudynumics  need  to  be  considered  when  evaluating  (be  acceptability  of  the  control  power  eujiahility. 

It  should  also  be  noted  that  cxeccdaiicc  of  the  controllability  limits  discussed  above  doc.s  not 
necessarily  imply  that  a  departure  wdl  occur.  If  the  aircraft  is  stable  without  augmenlation,  the  aircraft 
could  return  to  controlled  flight. 

2.2  Xlie_Nccd-JQ. Jic-cvitliiate  Current  Stability  Requirements 

Closely  associated  with  iiicicascd  aircraft  agility  is  the  [lolcmial  for  increased  departure 
.su.sccpiibiliiy.  Highly  agile  maneuvering  has  liistorically  produced  departures  troin  Lontrollcd  flight  in 
many  aircraft.  Also,  the  availability  of  modern  fly-by  wirc  control  tecimolugics  iKi\  tended  to  give  the 
modern  aircraft  designer  a  false  sense  of  security  --  i.c.  "Don't  worry,  we'll  fix  it  in  the  sotiw-rrel" 
Unfortunately,  due  to  the  contruilability  considerations  mentioned  previously,  iheie  is  not  always  an 
ovcr-abcmdancc  of  control  ptrwer  with  which  to  solve  problems.  Thus,  there  continues  to  be  a  great 
need  to  emphasize  the  importance  of  bare  airframe  stability  at  high  AOA's  where  control  power  is 
especially  limited  and  uncertain,  l  or  this  rcasi*  icw  techniques  need  to  be  developed  which  can  be 
used  early  in  the  design  process  that  will  eiiuin  the  designer  to  have  u  more  accurate  esiimute  of 
aircraft  depaiturc  resistance.  in  Section  3  we  di.scuss  techniques  which  have  been  developed  which 
havi-  the  potential  to  help  fill  this  need. 

2.3  IfOLAppiminiiilc  l-orms  for  Truiisicm  Aitility  Analysis 

The  agility  of  an  aircraft  depends  on  all  the  fxtclors  that  defim.  initial  rc.sponsc.  While  the 
effectiveness  of  the  coriliol  surface  or  device  is  the  primary  parameter,  an  aircrafl'.s  agility  will  also  be 
affected  by  control  laws,  control  surface  liiniiing,  and  even  unsteady  acrodyn;<  nic  effects  and  structural 
flexibility.  These  facioi.s  cannot  be  included  accijraieiy  until  there  is  a  rcasoi^ubly  complete  simulation 
of  the  aircraft  and  its  flight  control  system  -  usually  too  late  in  the  design  cycie  to  contemplate  any 
major  changes  to  the  configuration,  even  if  those  cliaiigc.s  would  be  beneficial.  Preliminary  designers 
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need  a  way  of  examining  u  configuration  for  which  no  siinuiation  or  control  laws  are  yet  developed  and 
assessing  its  agility  potential. 

We  have  used  a  general  concept  called  Hquivalcnt  Potential  Agility  (EPA)  for  this  type  of 
assessment.  The  word  "equivalent"  is  used  because  we  arc  approximating  aircrali  dynamics  which  can 

be  very  complex.  The  word  "poientiar  reflects  our  need  to  know  how  much  agility  is  inherent  in  the 

configuration  even  if  that  potential  will  not  be  realized  until  much  later  in  the  design  cycle  when 
appropriate  control  laws  have  been  developed.  The  EPA  concept  uses  the  decoupling  and  linearization 
concepts  of  vehicle  approximate  factors  (Ref.  25).  the  idealized  feedback  concepts  of  limiting  forms 
(Ref.  26)  and  the  order  reduction  concepts  of  equivalent  systems  (Ref.  27)  while  adding  key 
nonlincariiics  (such  as  surface  rate  limits)  that  affect  agility.  Briefly,  EPA  cslimate.s  give  insight  into  the 
fundamental  aerodynamic  parameters  that  govern  the  agility  of  a  configuration.  In  the  following 
discussion,  we  show  how  the  EPA  concept  can  be  used  to  estimate  the  lateral  agility  of  an  advanced 
fighter  aircraft.  Various  levels  of  estimation  fidelity  are  also  discussed  to  illustrate  the  flexibility  of  the 
concept. 

2.4  Equivalent  Potential  Lateral  Agility  at  Ttigh  Angles  of  Attack 

To  quantify  lateral  agility  (defined  here  as  the  time  required  to  bank  to  (]>  =  90°  and  stop)  at  high 
AOA's,  the  effect  of  rolling  about  the  stability  axis  needs  to  be  included  in  the  analysis.  To  include  the 

important  effects  of  control  surface  rate,  our  EPA  model  of  the  time  required  to  bank  and  stop  the 

aircraft  includes  an  input  that  is  '^amped  in  at  a  finite  rate  and  then  ramped  out  ut  the  appropriate  time. 
1lie  remainder  of  the  BPA  foim  includes  modal  parameters  and  was  developed  using  an  inverse  Laplace 
transform  technique  (Ref.  6): 
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Equation  I)  can  be  used  to  quantify  the  effect  of  changes  in  coniiol  power,  control  rule,  and  roll  mode 
time  constant  of  any  preliminary  design. 

Another  EPA  method  examines  maximum  roll  acceleration  capability  (Hquation  2  above).  When  a 
roll  acceleration  parameter  (RAP)  is  defined  as  the  ratio  of  the  actual  roll  acceleration  to  a  rate  limited 
input  to  the  roll  acceleration  to  a  perfect  step  input,  i.c.: 

RAP  . 

l*MAXyrCP 

RAP  can  then  he  plotted  as  a  function  of  input  time  (Pig.  8)  showing  (he  effect  of  surface  rate  on  the 
lateral  HPA  of  the  configuration. 

To  more  clo.scly  repicscni  the  maneuvering  capabilities  of  modern  aircraft,  the  roll  mode  time 
constant,  Tr,  should  reflect  stability  axis  rolling  at  high  AOA's.  Normally,  the  low  AOA  approximation, 
Xr  =  l/Tp,  is  u.scd  ill  estimating  roll  dynamics  but,  as  shown  in  Ref.  6,  the  HPA  transfer  function 
for  a  stability  axis  roll  with  sideslip  held  to  zero  01  =  0)  i.s: 

^  _ _ .  ..  _ 

5a  (S2  -  (Lp  H  Li  tan  a)  S  -  Lr  g/V) 


Note  that  if  Lu  and  AOA  are  small,  the  equation  reduces  to  a  first  order  roll  response  with  Tr  =  l/Lp. 
However,  since  Lr  is  a  function  of  (among  other  things)  the  lift  of  the  wing,  the  roll  and  spiral  modes  arc 
no  longer  completely  decoupled  at  high  AOA  giving  rise  to  a  new  equivalent  roll  mode  time  constant. 
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At  AOA's  above  l0“  to  20°,  an  aerodynamicist  might  require  a  prediction  of  the  lateral  EPA,  even 
if  the  rolling  tnotion  is  not  a  "perfect"  stability  axis  roll,  i.c.,  i|)/Sa  sideslip  is  not  lero.  If,  in  fact,  sideslip 
is  not  eliminated  from  the  equation,  the  roll  mode  time  constant  can  be  approxiinuicd  as: 


Where, 


& 


•Cr 


_  _ 

g  cos  a 

Npl.fl-LpCNn-  - ) 


Lfl  =  I'P  cosa  -t  l-r  sin  a 

Nil  =  Np  ttos  a  -I-  Nr  sin  a 


But  even  this  approximation  c.  ■  be  significantly  in  error  if  an  aileron  input  excites  the  dutch  roll  mode 
of  the  .ehiclc  (i.e.,  ta^/toD  ^  1).  Fortunately,  further  refinement  of  the  approximation  can  be  made  to 
define  an  equivalent  roll  mode  tijne  constant  as  follows; 

•tRm  -Cr 

(^RhQS+O  (TrS+I)  S242^o«.[)S+«)I>! 


Where, 
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These  different  levels  of  EPA  fidelity  demonstrate  that  the  liPA  concept  is  flexible  and  can 
embrace  different  degrees  of  approximation  depending  on  the  amount  of  data  available  and  the 

accuracy  desired.  In  the  case  of  lateral  EPA  as  just  discussed,  equation  1)  is  used  at  all  levels  with  only 

Tr  changing  in  computational  complexity.  Thus,  the  result  is  a  relatively  simple  expression  which  can 
give  a  rough  estimate  of  agility  as  well  as  yield  insight  inlo  the  innuence  of  aerodynamic  paramclcrs  on 
agility. 

As  an  example  of  the  use  of  lateral  EPA.  Pig  9  shows  flight  test,  simulation,  and  EPA  prciiiclcd 

time  to  bank  and  stop  data  for  a  typical  fighter  aircraft.  Method  1  u.scs  the  simple  one  degree  ot 

freedom  (Tr  =  -l/Lp)  estimation  technique  while  Method  2  uses  the  three  degree  of  freedom  method 

(Xr  “  Xreq)'  Note  that,  while  the  Method  1  estimate  just  gives  a  rough  order  of  inagniludc 

approximation.  Method  2  is  fairly  accurate  -  especially  in  predicting  the  trend  as  a  function  ol  AOA. 
The  ultimate  lateral  agility  of  a  configuration  is  obviously  a  function  of  many  dynamic  quantities, 
including  flight  control  and  structural  effects.  However,  as  can  be  seen  from  the  figure,  the  lateral  EPA 
estimate  can  yield  a  fairly  accurate  estimation  of  lateral  agility  without  actually  including  these  other 
effects. 

3,0  PR01-O.SF.t)  NEW  DRSICN  MEniODOECXilES  FOR  EFM  AIKCKAPT 

Control  criteria  and  stability  criteria  need  to  be  evaluated  together,  but  because  controls  always 

have  some  inherent  limit,  designers  have  usually  begun  by  defining  the  stability  of  tlic  configuration. 

} .  1  Ealcral-Dircclional  Stability  Criteria 

To  take  full  advantage  of  recent  advances  in  high  AOA  aerodynamic  technologies,  new  preliminary 
design  criteria  need  to  be  developed  for  assessing  unaegmemed  departure  resistance.  For  example, 
CiigDYN  LCDP  (Lateral  Control  Ueparlore  Parameter)  were  proposed  in  1958  (Kef.  15)  and 
eStaOlisbed  empirically  as  a  prcdiclion  method  by  Weissman  in  1972  (Ref.  16).  The  resulting  Weissman 
Criteiion  specified  regions  on  the  plane  of  Cngjjyjs,  and  LCDP  using  flight  data  of  a  large  group  of  aircratt, 
by  calculating  their  levels  of  Qtp^yN  LCDP  from  wind  tunnel  data,  and  correlating  these  data  with 
actual  night  lest  behavior.  Subsequent  workers  have  modified  the  boundaries  considerably  to  match 
emerging  flight  data.  Figure  10  from  Ref.  17  is  an  example,  showing  regions  where  correlation  is 
"heavily  affected  by  secondary  factors,"  clear  evidence  that  some  key  phenomena  aic  missing  from  the 
criterion.  In  addition  to  these  regions,  there  are  inanv  examples  of  current  technology  fighters  and 
research  aircraft  whose  behavior  at  high  angles  of  attack  were  found  in  flight  tests  to  be  dramatically 
different  from  that  predicted  by  vs.  LCDP.  Reference  18  contains  examples  indicating  that  the 

Weissman  boundaries  arc  "configuration  dependent'  -  more  evidence  that  the  effects  of  some  generic 
phenomena  are  missing. 
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In  spite  of  its  impeifcctions,  the  Cn^nYN  ''*■  LCDP  plane  continues  to  be  used  throughout  the 
industry  to  predict  susceptibility  to  lateral-directional  departure  and  to  aid  designers  in  developing 
spin-resistant  aircraft.  The  industry  needs  criteria  that  retain  the  simplicity  of  the  CnpoyN  Lf’f'P 
concept  and  yet  which  correlate  better  with  inodein  aircraft  characteristics. 

3.2  Current  Criteria  Shortfall 

In  examining  the  substantiating  data  used  by  Weissinan,  we  reviewed  the  characteristics  of  the 
aircraft  that  made  up  the  data  base,  noting  that  they  tardy  maneuvered  above  25'  AOA,  and  possessed 
certain  design  features  and  characteristics  that  are  substantially  different  from  aircraft  of  the  70's  and 
80's.  Table  1  lists  differences  between  today's  aircraft  and  those  used  by  Weissman. 


Table  1  -  HGIITER  AlRCRAhT  DUSIGN  CHARACTERIS'nCS 


^O's  *  60's 

VO'S  ■  90's 

^Lniax 

17  -23* 

30"  -  40® 

Relatively  Low 

High 

Iz/'x 

Med  -  High 

High 

Forcbody  Fincncis  (I/d) 

2  -  2.5 

4  -  6 

Asymmetric  Yawiiix  Moment  (Ch^j) 

0  -  0.01 

0.05  -  0.12 

Directional  Weathercock 

Dominated  by  all 

Dominated  by 

Stability  (Cnp) 

located  vertical  tail 

forebody  (nosc/lcx*/ 
canard)  voriiccs 

Uffect  of  Increasing  Qm  on 

Increased  damping  due 

Decreased  damping 

Dirccliunul  Damping  (Cn^) 

10  forces  acting  aft  of 

due  to  forces  acting 

aircraft  CG 

ahead  of  CC 

Impact  of  Rotary  Cross 

Low  due  to  relatively 

High  due  tu  increased 

Denvitives  (Cif.  Qp) 

‘-'l-raai 

^Lnux 

•I.cailloK  cdu'C  cxtcn.sioii 

Figure  11  points  out  that  mure  modcin  configurations  arc  dominated  by  nose  vortices  at  high  AOA 
with  consequent  dynamic  cnaracteristics  like  high  static  stability  but  pour  dynamic  stability.  Dynamic 
data  influenced  the  departure  characteristics  of  the  aircraft  in  Weismann's  correlation  data  base,  hut 
were  not  the  uoniinant  factors. 


The  non  dimensional  lateral-directional  dyiiariiic,  or  rotary  derivatives  (Cnp,  C|p,  Cn,  and  Clf)  can 
no  longer  be  ignored  when  determining  the  minimum  acceptable  departure  resistance  for  today's 
aircraft.  NASA  and  other  agencies  have  shown  that  high  AOA  damping  characteristics  clearly  affect 
aircraft  flight  mechanics  (Refs.  20-23),  and  that  when  the  aerodynamics  of  a  cunrigurutiwii  at  high  AOA 
arc  dominated  by  the  forebody,  there  is  a  fundamental  interchange  between  static  stability  and 
damping.  Specifically,  if  the  forcbody  is  altered  to  increase  static  directional  stability  (Gnp)  at  high  AOA, 
yaw  damping  (Cuf)  will  invariably  decrease  at  high  AOA.  Conversely,  if  the  forcbody  is  altered  to 
improve  Cnp.  Cnjj  will  invariably  dccrca.se. 
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Wc  have  recently  propo.sed  new  criteria  (Ref.  2'1)  which  define  minimum  level,  of  CnjjQyj,)  and 
LCDF  for  departure  resistance  and  which  include  the  key  dynamic  effects  of  the  dimensional  rotary 
derivatives  Np,  Lp,  Nr,  and  Lf.  The  new  criteria  include  the  effect  of  vehicle  attitudes  and  inertial 
coupling  relevant  to  high  angle  of  attack  titancuvcring.  fhe  primed  terms  ate  ticlincd  a,>  the 
aerodynamic  terms  plus  inertial  terms  as  fellows: 


Np  ~  Np  -f  (Rolyz  +  Qo  dxx  -  lyy)  +  2Folxy)/lz/. 

Nr  Nr  +  (-QoUz  -v  Polyz)/lzz 
1-p  =  Lp  +  (  Roixy  s  QoIxz)/lxx 

-  Lr  +  (-Foixy  +  Qo  (lyy  -  Izz)  -  2Rolxz)/lxx 


4-<J 


The  resulting  niinimu  can  be  plotted  with  C-'npjjyfj  and  IXUP  as  a  function  of  angle  of  attack  as 
shown  in  big.  12,  One  Interpretation  of  these  criteria  is  that  the  currently  defined  minimum  value 
rcquircnicnls  for  CnpovN  LCOP  should  not  be  constant  for  all  configurations.  Instead,  minimum 
acceptable  values  should  be  based  on  the  quantity  defined  by  the  configuration -specific  dynamic 
derivatives  as  illustrated  by  the  shaded  line.  Though  we  have  refined  ii,  this  eiiierion  is  still  a  stability 
test  on  the  coefficient  of  S-  in  the  lateral-directional  characteristic  equation.  The  effect  of  feedback 
-stabilization  can  be  incluilcd  in  the  criterion  by  using  augmented  derivatives  in-place  of  bare  airframe 
derivatives.  Criteria  .such  as  these  arc  obviously  not  meant  to  replace  current  closed-loop  iliglit  control 
design  techniques,  but  rather  arc  intended  to;  I)  provide  a  simple  ''quick  look"  design  guide  for  the 
acrodynamteist  and  2)  provide  insight  into  die  dominant  vehicle  characteristics  at  various  angles  of 
attack. 

Similarly.  Eidetics  has  posiulalcd  (Ref.  5)  that,  for  stability. 


Ciij. 


i.s  required,  as  shown  {’raphicaUy  in  Tig.  13.  Tliis,  and  the  previour.  discussion  above,  cjnpha.sizc  the 
need  for  accurate  knowledge  of  aircraft  rotary  derivatives  early  in  the  design  process. 
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1'herc  has  been  a  rccctit  trend  toward  less  inherent  longitudinal  stability  to  improve  aircraft 
porfoiinaiice  --  cs|>cci:illy  at  supersonic  cruise  speeds.  Statemenis  aie  often  made  that  this  relaxed 
.static  stability  enhances  pitch  agility.  This  is  not  necessarily  the  case,  however,  fur  two  main  reasons; 

1 )  Due  to  handling  qualities  considerations,  the  inaxiinum  achievable  pitch  late  must  be 
limited.  The  upper  bound  of  the  control  aiuicipalion  parameter  (CAP),  fur  example,  is  one 
limit  on  pitch  rcspunstvciicss  (Kef.  5). 

2)  Control  authority  and  control  rate  limits  necessarily  impose  restrictions  on  the 

ol  the  rc.spoiKc.  In  addition  to  eftect.s  .simiiur  to  (ho.se  shown  jncvion.sly  in 
the  lateral  discussion,  there  i.s  also  (he  problem  of  maintaining  vehicle  stability  and 
avoiding  the  deep  stall. 

3 he  rcUtioitship  between  agility  and  handling  qualities  hinted  at  in  I)  above,  i.s  aelually  quite  complex. 
Work  has  htecn  proposed  to  clarify  the  is.sue  of  "how  much  is  enough  nnd  how  much  is  too  much?"  Since 
(his  work  is  just  bcgiiitiiiig  (Kef.  2K  prc.scnts  lateral  results  on  titis  qiic.sttun),  we  will  tocii.s  on  the  second 
issue  addressed  above. 


I'igurc  14  show.s  (Ypiciil  pitch  agility  data  for  an  aircraft  with  progicssively  decreased  .static 
.stability.  The  data  were  generated  by  a  full  non -real-time  .simulation  of  an  aircraft  representative  of  a 
nioderti  RMS  lighter.  They  also  reflect  results  obtained  with  a  simplifiid  longitudinal  liKA  tiiodel 
consisting  of  short  [>criod  dynamics  with  a  nonlinear  pitching  moment  lerm  (Kef.  6).  Agility  certainly 
increases  at  first  as  stability  is  decreased.  However,  the  icduced  nose  down  control  power  at  high  AOA 
tiue  to  the  instability  eventually  reduces  agility  quite  .sharply. 

[he  impact  of  ;i  lack  in  pitch  coiitru!  authority  is  ihustrated  by  the  potential  deep  stall  entry  of 
R.SM  aircraft  (I’ig-  Traditionally,  pitch  control  power  is  .sized  fur  the  low  sjx'cd,  lernunal  Migl)t  phases 
-  (ukeolf  and  landing.  As  Nitown  in  the  figure,  (he  positive  (unstaldc)  slope  of  the  pitching  moment 
cuivc  decreases  the  iio.se-duwn  pitching  moment  capaliilily  as  angle  of  attack  is  increased.  I'his  not 
only  iiiiroduco  (he  potcntiai  for  a  deep  .stall,  but  al.so  eApluiii>  duia  of  I'ig.  14. 

The  notional  data  of  l  ig.  I.*>  indicate  that  to  predict  the  Ki.stence  of  a  deep  stall,  accurate  pitching 
inoineiit  data  lequlred  at  cxfrcmcly  high  AOA’s.  iiowcvcr,  av  iiratcly  predicting  data  at  AOA’.s  above 
(’l.m.u  diflicult,  especially  fioiu  wind  (uimci  tests  ol  small  scale  niodels.  The  data  of  Ref.  29 

indicate  .several  .sources  of  nicusurcmoiit  error:  1)  engine  nozzle  position,  2)  model  support 

interfcrcni  c,  and  3)  Reynolds  number  effecl.s.  Mach  and  dynutiiic  prc.ssurc  effects  have  al.so  been 
shown  tn  b<*  f'in.illy,  ui«yuu  scaL  effects  alone  can  be  enough  to  sufficiently  underestimate 

this  pot.  ndul  for  a  deep  rtali.  For  these  reasons,  great  care  should  be  taken  when  developing  the 
prelitnin.iry  acrodyiiainic  database  for  a  new  RS,S  fighter  design,  and  high  AOA  aerodynamic 
cluiractcnsik :s  mu.'l  be  considered  as  eai'y  as  po.s.siblc  in  the  design  process. 
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3.6  The  Impact  of  Inenial  CouDling  on  Pitch  Control  Requirements 

The  problem  of  maintaining  adequate  nose-down  pilch  authority  is  further  worsened  by  inertial 
cross-coupling  inherent  in  high  AOA  stability  axis  rolling.  The  nosc-up  pilch  acceleration  due  to 
coupling,  is: 


fi  =  R  *  P  *  dz  h)l\y 

-  p2  ♦  lan(cx)  +  (I;^  -  IxV^y  (Stability  Axis  Roll) 

where  P  and  R  arc  body  axis  roll  and  yaw  rates  and  Ix.  1y.  and  1^  arc  the  moments  of  inertia  about  the 
respective  axes.  This  equation  can  be  shown  in  terms  or  pitching  moment  due  to  coupling  eocfficiciit, 
Cnij;,  as  follows: 

Qnc  “  ^  ly/qSc 

p2  *  tJii(a)  (Ix  -  lx)/qSc 


Figure  16  shows  rcprcscntutivc  Cia^  values  for  a  typical  KSS  fighter  vs.  AOA  for  sevcml  roll  rates 
at  M--.3  und  15,000  ft.  Also  shown  oti  the  figure  is  the  total  available  nose-down  r'l))  from  full 
cievaior/tail  deflection.  Ihc  summation  of  these  two  values  is  shown  in  Fig.  17.  Note  tliat  where  the 
total  value  becomes  positive  indicates  iiisiinicicni  nose-down  capability  to  prevent  an  uncoiUrultcd 
pitch-up.  This,  coupled  with  the  "stable  break”  in  the  pitching  moment  curve,  creates  a  deep  stall 
potential  which  cun  be  catastrophic. 
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-.Requirements 


Tito  above  discussion  of  inertial  cross- coupling  has  been  included  here  to  ctuphusi/e  the  need  lo 
accurately  predict  total  aosc-duwn  pitch  capability  at  all  angles  of  attack.  it  can  be  the  single  ino.st 
restrictive  aerodynamic  churucteiistic  regarding  high  AOA  maneuverability  und  agility.  In  fact,  the 
l'-16  flight  coiitroi  law  incorporates  a  toil  rale  limiter  to  avoid  uncoiitrulled  pitch  up's  while  rolling. 
I'his  is  in  addition  to  the  AOA  limiter  and  has  the  effect  of  degrading  (he  airorait's  otherwise  excellent 
latci'ul  agility  potential. 


Obviously,  from  the  above  discussion,  it  is  iiiipruclical  to  define  a  minimum  pitching  moment 
coefficient  to  apjdy  to  all  aircraft.  Instead,  the  desired  maneuvering  caf)abilities  (d  the  particular 
configuration  should  be  used  in  conjuiictton  with  the  inertial  properties,  the  desired  level  of  longitudinal 
stability  and  the  desired  level  of  nose  down  pilch  agility  to  dctciiiiinc  the  minimum  accejitahlc  high 
AOA  nose-down  piteliing  moment  margin. 

The  question  arises  --  are  our  test  techniques  today  sufficient  to  avoid  discrepancies  like  a  deep 
.Stull?  Control  laws  cun  bo  used  to  stubi)i/e  the  uirciaft  und  limit  the  maximum  AOA  as  dcmonslialed  by 
the  I'-K),  but  a  deep  stall  is  .still  undesirable  and  caimoi  be  eliminated  by  the  flight  controls  group 
through  software  alone. 
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In  view  of  the  above  di.scussioii,  current  rcqutremeiii.s  for  early  wind  tunnel  tests  need  to  he 
modified  to  ensure  that  appropriate  data  are  collected  for  coirect  design  dcci.sions.  Fur  example,  new 
einidiasis  needs  to  be  placed  on  good  rotary  balance  data  early  in  the  dc.sigu  process.  Ihe  data  of 
Mgs.  If  and  ly  show  that  increasing  yaw  stability,  C'ii|),cau  decrease  yaw  dani[)ing,  It  only  static 

wind  turncl  data  arc  available,  trade  offs  between  sialic  .stability  and  damping  cannot  be  nude.  The 
new  design  criteria  di.scusscd  caiiicr  in  this  report  will  allow  ihc.se  trade  offs  if  good  rotary  balance 
data  arc  available. 

It  is  a  fact  of  life  that  most  future  final  airciafi  designs  will  have  a  full  authority  closed-loop 
augmentation  system.  I'liis  doc.s  not  remove  the  lUtd  fur  a  good  understanding  of  the  unaugmcnicd 
aircraft.  The  ability  to  design  the  augnieiuation  sysiem  requires  adequate  control  uutliority.  In  fact, 
adequate,  control  amhoriiy  at  high  AOA's  is  paiaiiioum  fui  a  successful  overall  design.  If,  for  example, 
the  rudders  (or  any  other  control  cfleclor)  cunuoi  produce  suflicicnt  jawing  moments,  feedback 
stabilization  will  he  of  no  use  in  amclioialiiig  a  bare  airframe  design  deficiency  in  die  directional  axis. 
Thu.v,  a  full  matrix  of  force  and  inomeni  data,  including  iiUct  axis  coupling  terms,  is  required  to 
evaluate  the  design,  q'liis  control  power  information  can  be  used,  if  available,  early  in  the  dc.sign 
process  to  create  augmented  stability  derivative.s  fur  use  in  the  design  criteria  discussed  earlier  or  in  a 
preliminary  control  law  a.itulysis  if  the  resources  arc  available. 
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An  often  ovcrIoukcJ  area  in  the  stability  and  control  preliminary  design  process  is  the  impact  of 

structural  flexibility  on  control  power.  While  it  may  be  obvious  to  many,  the  impact  of  siructuial 

flexibility  on  controllability  is  frc<iueiitly  de-einphasized  early  in  the  design  process.  Thus,  to  lurther 
assure  that  agility  is  maximized,  the  communicution  link  between  the  structures  group  and  the 
aerodynamic  design  group  needs  to  be  firmly  established.  This  will  help  prevent  over-optimistic  agility 
assessments  early  in  tlic  design  proccs.s  and  should  lead  tc  a  more  adequate  usscs.smcnt  of  the  impact  of 
design  changes  on  the  agility  of  the  configuration.  Additionally,  liquivalcnt  roiential  Agility  (HPA) 
analyses  ul  high  dynamic  pressure  flight  conditions  could  include  an  c.siimutc  of  (he  effective  clastie-to- 
rigid  <H/K)  ratios  of  .stabilizing  surfaces  and  control  effectors.  If  adequme  levels  of  agility  arc  predicted, 
these  K/K  estimates  could  then  be  carried  forward  as  the  design  matures  as  actual  structural  stiffness 

criteria.  Trade  studies  could  also  be  conducted  early  in  the  design  process  to  quantify  the  trade-off 

between  structural  weight  (stiffness)  and  agility.  Hnally.  HPA  analyses  could  also  be  used  to  help  verify 
the  mure  sophisticated  aero-structural  models  as  they  arc  developed  later  in  the  design  process. 

6.0  CONCLUSIONS 

1.  1'ransient  agility,  governed  largely  by  control  power,  is  of  great  itnporlance  to  combat 
cffcctivcness- 

2.  Analysis  of  control  power  must  be  accompanied  by  examination  of  the  basic  aircraft  stability  •• 
static  and  dynamic. 

.1.  Simplified  analyses  using  liquivalcnt  Potenial  Agility  (liPA)  parameters  aic  insightful  tools  for 

preliminary  design  estimates. 

4.  New  stability  criteria  are  propo.scd  to  augment  the  use  of  traditional  lateral  directional  .stability 
criteria  for  use  in  preliminary  design. 

5.  Nose  down  pitch  coiiuul  power  limits  liuw  much  agility,  both  pitcli  and  roll,  is  gained  by  relaxing 
longitudinal  static  stability. 

6.  I'lying  qualities  requircn.ents  can  set  upper  liinit.s  on  agility. 

7.  New  emphasis  needs  to  be  placed  on  high  angle  of  attack  preliminary  design  lest  tei.  hni(|ue.s 
including  earlier  testing  to  determine  dynamic  dcrivaiivc.s. 

8.  The  cifcet  ol  aircraft  flexibility  on  agility  can  (and  should)  be  qnantitied  caily  in  the  design 
process. 
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AKRODYNAHIC  CONTROL  DESIGN: 
EXi*EHIENCE  AND  RESULTS  AT  AERMACCUI 


B.nufacclil,  H. I.ucchouinl «  L.Hunrrlani ,  H.Valtorta 
Technical  Depart^nent 
AERMACCHl  S.p.A. 

Via  Sanvito,  80 
?1100  -  Varese 
ITALY 


SUHMAItY 

A  review  of  Acrniacchi  activitio.^i  In  the  field  of  aerodynamJe  control  deai>;ii 
Is  presented. 

The  aerodynamic  balancing  cf  llie  MD-3i^tt/339  elevator  aiui  of  Lho  AM-K  control,  suri’acee 
for  Uie  manual  backup  mode  arc  described.  The  use  of  rotary  balance  wind  tunnel  testing 
and  of  simulation  in  aunossing  controllability  at  high  angle  of  attack  .is  diacusned. 
l*rei Iniinary  design  studies  of  urironventlonal  layouts  arc  deaci'ibed  and  uomo  features* 
of  novel  control  toclmiquea  on  an  unstable  canard  design  arc  illu.strated  uoing  wind 
tunnel  results  and  flow  vi suul iaat i ona. 
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Null*;  All  acrodynaniic  cm-fl'i-  lerH.;;  ;»rr  rrlcrr»Ml  L<»  jxtKb»JIty  .axor.. 

1.  INTiUJDUCT  1  UN 

AernutcchJ  hn:;  long  been  anooo  t  atird  with  the  dcijign  and  m.-aiufac  tur*.'  of  niliiLary 
traiticr  and  light  coitibat  alrcr'.ift.  I  Li;  MH-Ui'b  and  Mb-.Id'J  trainern  liavi:  cnjoyctl 

worldwide  Hucet^.'iti  tluinkix  to  tlnMr*  reputation  fur  exxrnlltJnt  i'lying  and  pret'luo 

biiiiilling  ov«?r  a  wiili'  rniigx*  of  r>p«:r:iLinK  coral  i  t  i  on:: .  One  of  thi*  factors  con  I,  r.f  on  ting 
to  this  r<?piitatlcn  wan  tin;  attention  given  to  at  iMidynjim  ic  ctnitrol  denigri  ‘n  ordci* 


to  obtain  good  handling  with  aimplo  and  reliable  control  ayatemo. 

It  iG  CQtablialiod  practice  in  the  company  to  support  this  type  of  cler.ip.n  work  with 
dedicated  wind  tunnel  toata  to  aaaoau  control  effectiveness  In  static  .»nd  rotating 
flowfiulds  over  a  wide  angle  of  attack  range.  Thlo  allows;  control laDl 1  I Ly  at  the 
otall  and  in  spin  to  he  analysed  as  well  as  in  normal  operating  conditlonc.  Finally, 
flight  touting  plays  an  Impoi-tant  part  In  aerodynumic  refinement  of  the  controls. 

The  above  approach  haa  been  built  upon  in  subsequent  projoctr  and  now  includes  tools 
such  as  roal-timi.  simulation  and  water  tunnel  flow  visualisation.  Tlila  paper  illustrates 
this  approach  by  presenting  some  results  arid  oxpoi'ience  obl,aJned  on  production  aircraft 
such  ac  the  MD-326  and  MU-339  trainer/Ught  combat  aircraft  and  the  AM-X  groumi  attack 
fighter,  as  well  aa  design  studies  and  research  projectii:  In  which  the  aerodynamic 
design  of  controls  has  been  emphaaized. 


?.  MB-326/MB-339  KXPKHIENCE 

The  HB--32G  basic  Jet  trainer  (Figure  2.1)  wan  Uiislgnod  by  a  tcs»Ti  led  by  Krmanno 
1  ;zzocchl  in  19bh,  paying  conaidemble  attention  to  the  aerodynamic  asptrets  ol*  ci>i>tro]- 
1  bllity  at  all  angles  of  attack.  Aerodynamic  design  of  controls  T’elled  on  hiuidbook 
methods  uuch  as  those  of  Kefa.  1  and  2  In  the  preliminary  phase  arsi  produced  detailed 
and  accurate  CBtimateu  of  flytrig  qualltloa  in  all  three  axcu  (Kef-  3),  The  designers 
were  backed  up  by  experience  gained  with  the  MB~3?3  pi aton-englned  trainer  and  exten¬ 
sive  wind  tunnel  louts  corjducted  at  Aoiinacehi  (low  speed)  and  K.A.K.  Karnhorough 
(high  speed,  Uef.  A).  This  attention  to  detail  produced  an  aircraft  with  good  flying 
qualities,  well  suited  to  its  tasks  us  a  baulc  trainer. 

Farly  flight  teats  showed  that  the  ucrodynamic  cunflguratlon  of  t.lu;  elevator  resulted 
in  good  stick  force  per  'G'  t:haraoierlatici»;  this  eonflgural  ion  r’omalned  unchangt'd 
for  all  MU-3?li  trainer'  ^/erulons.  The  basic  philosophy  was  to  providi.*  a  student  pilot, 
with  a  safe  aircraft  hawing  a  relatively  high  stick  force  per  'll'  gradient  at  high 
upeedu  to  avoid  inadvertent  ovcrstreaalng  of  the  alriran>e.  hiffurent  op-a'ating  requi¬ 
rements  applied  to  the  Mil-32GK  light  fighter  culling  for  morr;  control  responu i venraev 
ul  boUi  high  and  low  upeedu  as  well  as  Improved  porfonnajtce.  A  hlghr'r  thrust  version 
of  tliu  engine  was  irjstalled,  hydraulic  aileron  servou  wr.Te  added  and  the  cUsvator 
was  modified  to  give  lighter  stick  forces  and  better  trim  aeeuruuy  :>t.  maximum  speed. 

The  speed  stability  curvrj  of  the  Mli*-3I>b,  shown  In  Figure  2.2,  Is  character-irnsl  Ijy 
a  zone  of  shallow  negative  slope  at  hlghoi*  speeds  Irjdicatjng  muj'giral  stick -fixed 
liiQtability.  This  phenomenon  lo  common  to  many  aircraft  and  is  ueeeptablrt  provided 
that  the  negative  nt/ek  force  gradient  which  may  reault  does  rot  exceed  certain  limits, 
such  as  thuae  of  U.S.  MlMtary  Specifications  (Mll-t'pcc,  Hef.  1>).  Vltii  a  munuai  -ly.si.em, 
careful  aerodynamic  coriLiol  balancihg  allows  a  poylLive  tstick  fcjrce  gradient  Lo  lu 
nialntulned  despite  a  negative  elevator  deflection  slope.  This  is  clearly  shown  ir; 
Figure  2.3  which  compares  the  original  elevator  with  that  developed  for  the 
The  elevator  of  the  MU-33  lA  was  designed  Lo  combine  the  longitudinal  t.onlrol  ft*ol 
of  the  MU-32(j  with  tlje  favourable  stick  Tj-ee  speed  stability  of  l.lie  Mn“-32bK.  Fl.gui't' 
preaonta  the  click  force  per  'U*  characL<Tlut!cf;  of  all  three  clovuloi'  cont*l gur’.i- 
IJons,  .'ind  highlights  t.hn  efft-'*.*’  ol*  uortrilynamlc  conti*oJ  design  on  thiif  purtlinjlnr 

handling  requirement  (Uef.  b). 

Figure  2.1)  shows  the  hinge  moment  charactoriuLltn;  for  liie  elevator  conl'lgur’ation 
of  the  MU-339A. 

The  MB-32liK  el-vMlor  luytj^it.  re;;ul  ted  tn  <a)i»t.rol  foi'ee  churac  tcri  u  1 1  er.  simll.ii  l.o 
moder-n  fighters  und  was  adopted  for  bol.h  the  Hn-339C  .advanced  .ivionic  truim-r  and 

the  MU-339K  light  fighter.  Tlurse  are  the  later.l  additions  to  a  fomiJy  of  alr-rrort 

sliarlng  the  plillosophy  of  i’ir»e  hundlitig  qiiuiities  obtained  with  slm|)l<^  ami  I'e  1  1  ah  I  r 
systems. 

A  t‘urthor  area  of  attention  in  tin;  initial  dealgn  ntagf's  was  flying  qualities  at 

high  angles  of  uttaok.  The  fin  wjib  pliic«;d  w«?ll  forwurd  of  the  tullplnne  to  maintain 
rudder  cffccti vtineris  in  the  spin  and  testing  In  u  vefilc.  l  wind  tunrel  was  carried 

out  lo  evaluate  spin  Dohavioui*  (Kef,  0).  Thlt»  layout  ts  common  ti>  hI  I  diw  i  vu  1.  i  ves 

of  the  MU-320  and  HB-339  which  have  consistently  demoristruted  good  con  .ro) labl 1 Ity 

tn  all  I'Mghl  altitudes  an  well  a:;  the  ability  to  recover  easily  from  *uiu 

i nverteil  spins . 


3.  AM-X  KXI’KHIKNCK 

3.i  Control  charuoterletics  In  the  manual  backup  noi'«! 

While  the  l.rainer  fleet  of  the  Italian  Atv  Foret;  was  being  re- mpiipped  with 
the  MH--339.  attention  was  ohifted  to  the  r<jplaccinent  of  the  FIAT  G91  In  the  ground 
attack  r-Ql©. 


Aerroacohi  had  bnen  undertaking  preliminary  dculgn  studies  of  thin  type  for  nonio 
time  and  waa  invited  to  Join  the  AM-X  conoortiuni  formed  with  Aoritylia  and  Brazil 'n 
E'MUilAl^K  to  design  and  manufacture  the  aircraft  to  a  Joint  roqulromerit  of  the  Italiuii 
and  Brazilian  air  forces.  Aennacchl'i;  studios  had  centred  around  a  ino^iually  controlled 
vehicl*  and  emphasized  controllability  and  manocuverubi 1 1 ty  at  all  angles  of  attack. 
AciILalla  benoflttod  from  experience  gained  on  the  Tornado  program  and  was  considering 
Q  houvior  alrci'aft  with  all-powered  controls.  The  final  specification  callcrl  for 
bevel  1  flying  qualities  in  norjoal  operation;  a  speed  rang<!  of  up  to  bbO  Kf'AS,  or 

Mach  0.9,  and  the  ability  Lt>  tolerate  a  high  degree  of  battle  damage.  This  was  mot 

by  the  AM-X  aircraft  In  its  present  farm,  designed  Jointly  by  the  throe  partner 
companies  under  the  leadership  of  Acritalia  (Figure  3.1.1). 

Tile  AH-X  control  system  Is  fully  power«»d  with  manual  back-up  in  pitch  iind  roll, 

making  use  of  the  experience  g.alned  *>y  Aerllaila  and  Aermacchi  in  cotitrol  design. 

It  is  characterised  by  two  Indopondont  hydraulic  subsyi>L«>iiiu  which  actuate  tlio  riU^vators, 
ailerons  find  rudder.  Pilot  stick  inputs  are  directly  transmitted  to  i.hc  clevatr>i' 

and  aileron  actuators  by  mcch.-mlcul  linkage:;  which  provide  manual  back-up  if  both 
hydraulic  system:',  fall.  Tliere  ;*i‘«  also  two  independent  electrical  clrcuili;,  each 

(torineotliig  a  flight  control  computer  to  clectrieally  sigi:alled  actuators  whioii  ilrivc 
the  siabillsor,  spoile>rs  and  rudder.  These  surl'i  cot;  arc  uiiod  for  ijLability  augniontat  i  on 
as  wol  as  control. 

The  control  oysteiii  was  designed  to  u  precise  sot  of'  operating  roqu  I  rtimont;;  which 
specify  the  level  of  eoni.rol  labi  li  Ly  Ic  be  guar.-mteed  li3  ease  of  r.yjtt''m  failurt?. 

In  normal  operation,  all  hydraulic  and  i.lt-.-crlcal  cireuits  urj?  u(;tivo.  Manual  l)ai:k-up 
only  <’<»,. les  Into  play  when  boUi  hydraulic  and  both  eleotrieal  syjit.trtrn  fail  find  I:; 
sufficient  to  .dlow  the  pilot  to  return  to  ba:;e  although  tin;  misr.ictn  must  be  abortisi. 
Figure  3.1.2  shows  the  active  control  fuiK^tlons  fn  both  the  normal  and  tnanusl  mode:;. 

The  aorodyriamic  design  of  the  ctJUlrol  surfac«js  utied  for  /iianuul  back-up  was  driven 
by  the  same  T'equisjLei;  us  any  imuiuai  system:  to  limit  and  control  hinge  inoinentc. 
within  the  full  flight  etjvelope  of  lii*'  aircraft,  which  in  Lhiii  ease*  l•xt.c^dn  to  high 
transonic  Mach  numbers.  Various  type:,  of  aori»dynamic  halatu-e*  wei'o  evaluated  using 
handbook  methods  and  experimental  data.  A  Wct:t  1  aiui- 1  rv i ng  inltM*na!  hal.iTviri'  Miu;  rveni.iial  •• 
ly  selected  for  the  ailerons  ;u;U  el<ivatori’  (Kigur’c  3.1.3).  Wlnil  Ltinnel  tenting  war. 
used  to  finalise  the  bulunce  ration  and  hinge  axh;  po:;itions  an  well  a:;  l.u  provide 
n  full  set  of  hinge  moment  *.M)erric:  i  enlr.  as  f'unetioiu;  of  ang  1 ‘'-<j  f- at  tack ,  dt:  f*l  r:*  I  j  on 
an<i  Much  number.  The-  tests  were  carried  out  on  a  1/3  ju:;ilr  mnilel  of  the  complete 
a  i  rcraf  t  witli  bahinccd  controls  and  a  1/2  :>calc  model  of  the  horizontal  stahilitier 
With  balanced  elovaloru. 

Figure  3.1,4  In  a  non-dimonnlonal  plot  of  some  result:;  oJ’  thin  activity,  which  y  i  c*  I  ded 
data  now  included  In  the  aorodytiiimlc  data  bank  used  for  flying  (pjulit.y  preri i 1 1  onn . 

The  wind  tunriei  results  were  regurded  uo  oonturrvatl  ve  nocau:;e  the  •:  f  f<}c  1 1  vencju; 
of  the  Irving  bulunce  In  strongly  ilepeiideiit  on  the  se.-iling  helwr’cn  upper  and  lower 
buliuice  chambers  and  the  size  of  the  vent  gaps.  These  efret;t:j  ari'  ilil'limll  to  r*epi'otiijci’ 

at  reduced  scale  .'Sid  the  hlngt:  moments  ootalned  frum  these  tests  we? . .  l.o 

be  higher  than  1  hose  obtained  from  1‘llghl  test.  In  fact  flight  tes;l  reaiilt.s  :di(?w 
hlghm'  ctick  forces  <luc  to  friction  In  the  mechanical  linkagt',  hut  thi'  ar  i-oiiyrcun  1  (' 
bulunclng  was  proved  t^Pfeclive  by  an  (unpl.'inncwl)  return  to  hapi'  and  saicts'sn fu  1  landing 
In  manual  mode  with  both  electric  and  liydraullc  systcnwi  I  nopcr.il  I  vi' . 

3.2  Analytils  of  cn>ntrol  effcct.s  at  high  angle:;  of  att.;ick 

rin-  AM-X  requ  I  r'emcii  Is  for  coiif  ro  I  I  ah  I  I  I  ty  .it  angles  of  att.'U'k  l.n  1  he 

stall  wcr*e  met  tiy  <;xp]olting  A<n  inac«'h  I  cKperl<?nc«'  with  the  MB  32b  and  MU  3*13  .i  i  e?’ raf  1  . 
Th<?  basic  r<*qii  I  :i  i  tes  are  Liuit  (snilrol  i.ahl  1 1  ty  must  he  iii.JlntaliHsi  up  I  i.i  l.lic  r.tall; 
that  i;pin  ciit.cy  must  la?  free  of  vlt)ler?t  iJoparture:.  .-ind  that  r'ecovcry  lr<jm  t.hc  spin 
siujiild  (jci;ur  within  1-1/2  titrns  aftei'  tl«*  appllcalion  t)f  nimplt;  r'^’covtu’y  p?'nc«'ihj|*e:;. 
IJe:;lgn  and  devcl<jpment  involved  dtrdleatetl  wind  tunn<*i  tts.l.iJ,  npts'if’lc  .«?.! !  y:;  i Lct'hn  i  quis 
(uid  th«*  development,  of  u  mathcmatic.'il  model  sufilclcntly  ^iccin'ate  to  allow  i;  i  mul  a  t  i  uti 
tjf  f.hc  spin,  Tiu:;?'  ac:tivjtici;  aHoweti  I  he  dyii.-unlt'S  cjf  .'tlrcivil'L  ttehavlou?*  ai  tin* 

stall  and  beyond  to  be  quantific'd  ;.u:d  iiiidt^rutood  w«>  i  1  taif'ore  I'light.  testing,  'i'loil 
pi  loir  wei’*!  able  to  jiHsesi?  flying  qualities  at  iilgi*  angle  of  attack  utiiiig  AerlLalla':? 
fixed  base  Bim?Jlator.  The  results  of  pil<?tetl  arid  tirf-lliM*  nimulatlonu  were  larg?*ly 
corsfirmed  by  fiigiit  testa  ;irid  :thowea  that  u^ialytlcul  methods  be  Ui;ed  ti'  investigate 

ti^U  effer.tH  tji  changes  In  the  ai  rcraft. ' wsrodyn.'inilo  t:onl'lgiral.ii»n  on  ;ilall/?ipln 
b<?Maviour. 

high  angle  of  attack  Wind  t.uni?^*  1  tests  w<?rc  uiied  to  hiiiUl  up  aorodyn;anlt'  dat.t  b.'ink:) 

for  numt!  ?' I  (*M  1  itfiulyai:?.  The  rotary  bul:uu*f:  shown  In  Kigur'i*  3.2.1  was  usimI  to  obtain 

pltcliing  and  i-olling  moment  eoef  M  e  J  eiiLs  .ai;  runcti(»n{i  of  non-dlmeris  i  ona  i  rate  of 
rot-atUjn  (net*  Hef.  7).  Thcsi:  ai’c  Impurtanl.  in  uKshMling  di^pfirture  and  iipiri  conditions 
au  they  nb  w  non-linearities  which  \lt?pfMid  on  .aigle  of  .attatik  and  lonlrol  defliH  tlon. 
Experience  lias  ishown  that  rotary  f»/ilanc»»  tt'jitlng  I;;  ti?t-*  hi'iit  way  ol'  obtaining  accur.itc 
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control  offectlvonc.su  coefficients  at  high  anp(lc  of  attack  bncauiie  they  cai'  then 
be  treated  separately  from  autorotation  ofi'cctn.  In  practice  It  is  nocennary  to 
analyse  wine!  tun>u!l  data  an  funetLona  of  pb/?V  to  diutlnKUlsh  Lheuc  effects.  KIr. 

compares  typical  reaul  tn  obtained  using  fixed  and  rotary  bulanceu  at  high 
angles  of  attack*  While  the  fixed  balance  reoulla  often  tend  to  mask  the  effecl.jj 
of  control  deflection  near  the  stall,  the  rotary  bulmice  allows  these  to  be  quantified 
quite  easily.  In  fact  fixed  balance  result.*)  nait  bo  misleading  at  these  incidencea 
because  they  Lend  to  show  rapid  fluctuations  due  to  asynmutry  of  the  stall  which 
could  mi.sLakc/ily  be  ascribed  to  changes  in  control  offecti veness.  figure  3.2.3  pnsnenls 
rotary  balance  data  which  illustrate  the  effects  of  control  deflections  on  thi!  overall 
aerodynamic  cliaracterlstfcK  of  the  aircraft. 

Rotary  baliinco  test  techniques  wore  originally  used  at  Aermacchi  for  t.he  HH~.32(> 
and  MU-339  and  have  since  been  employed,  with  a  good  measure  of  success,  to  predict 
control  ci'fcctlvcncsc  at  high  incidences  for  the  Tornado  au  well  us  tlje  AM-X  and 
the  lifA.  The  use  of  al fiiuliit  1  un  with  rotary  bulanei!  data  has  proved  to  be  a  prac.LItral 
jind  ufrectlve  moiuis  of  predicting  behaviour  clot:e  Lu  the  stall  arid  in  the  spin. 

The  muthematical  model  used  for  high  alpha  iiimulation  includes  relevant  (ksnplng 
teimu  and  stores  effects  and  allows  Llie  control  effectiveness  terms  to  t)e  modelled 
as  functions  of  rate  oi‘  rotation  (Figure  3.2.4).  The  possibility  of  inatching  flight, 
test  with  simulation  results  allows  the  accuracy  of  the  H.4*redynami c:  data  to  be  ar.sessed 
r'spidly  and  can  ho  used  In  ctmjunction  with  parjunetcr  identification  tecliniqiies 
(Ref.  8)  to  improve  the  model  ling  of  the  alrcral'L. 

Fllglit  test  results  obtained  so  far  have  shown  that  the  wind  l.unnt?!  data  are  comprs'lirn  ■ 
slve  enough  to  allow  the  general  behaviour  of  Llie  aircraft  to  hr  prrcllcted  with 

H  ahlgh  degree  of  conl'ideticc .  The  only  di  screpanc  I  »?s  belweetj  slmulatic'n  .mil  flight 
tout  were  encountered  for  certain  manoeuvres  ni?ar  tb«*  stall.  These  wtrre  I'ound  to 

be  largely  due  tej  sudden  vai'iatlonu  lii  control  of  fee  L I  vencss  which  could  be  IdenLll'ird 
in  wind  tunnel  tests  but  hud  to  be  malchi^d  with  the  angle  oT  attack  at  which  the 
stall  occurred  oti  the  real  alcraft.  Uorae  fllglit  Lest  traces  obtained  tluriiig  a  orotis- 
control  manoeuvre  arc  compared  with  simulation  results  in  Kigvjn?  v'l.P.b. 

4.  .'3TU1)UC3  OF  UNCUNVFNTlONAi.  1.AY0UT3 

Acrmuechi  has  heen  studying  uiiconvcnLionai  layouts  fiir  somir  linn.’  including 

some  stable  md  uriHtul>lo  canard  corif  j  gurut  I  or>s.  Karly  effo»*Ls  wirre  inspirrd  by  tlu* 
UAAU  Viggeii  and  a  simllai*  layout  was  tcnited  in  the  winu  lunnel  using  s{.at.i<;  and 

rotary  balane<>s.  dome  generic  iiiodets  were  built  which  .iliowed  the  t-diangi's  In  stability 
and  eon trc) I  I ab i  1 1  l.y  due  to  dirfei'cnt  relative  potiiliotis  u('  tht;  wing,  canar’d  and 
fin  to  bo  inv<!St  iguted  (Fig.  4,1).  The  lenul  U»  of  Irstj;  J>n  thest'  models  were  ujumI 
to  fix  the  geometry  of  the  NIl-341  design  study,  of  which  a  flyittg  scult'  mode)  was 

eonuli'Ucted  (Fig.  4.2).  Tills  model  wa:;  uihhI  to  obtain  a  praelUul  app  r-er  I  a  t  i  on  of 

the  con  Lru  i  1  ub  1  1 1  ty  of  the  configuration  .and  it  was  i  iiier-<*{>t  i  ng  i  o  L'omparr  t.he  point:; 
that  emerged  with  the  wind  tunnel  results. 

‘dome  of  thi!  ehaructcristies  wiiieh  become  evldtsit  were: 

-  otrong  interference  effisetu  belwtsai  the  wing,  and  •suiard  which  allow  the  wing  to 

(U'Velop  lift,  up  to  very  high  angles  of  attack,  hut  only  with  t'crtaln  canard  t  i  on: 

and  wiiig/eariat'd  positioning. 

-  A  mai'ked  reduction  in  longitudinal  stability  at  high  ln<*idi*nces  and  llii*  posnlhillty 
of  piti’h'Up  |>robU!ms  due  to  eanaia)  t'fl’irclij. 

-  The  ntM*U  fur  Usaditig  edge  droop  on  lh<!  regions  td'  tin?  wing  rud  aJTect.etl  by  t.he 

Canard  flowfiiild  to  avoid  t.ip  stalling,  -iriil  redutsrd  e  f  fes:  t  i  vrnesu  of  the  outl’oar^l 

e  1  evi)ns, 

-  A  reducti'Mi  of  yaw  t;ontrol  at  high  iiieltleru'e  uiie  to  th#:  r«*ilut'etl  fin  .'inn. 

The  expericni’c  galru’d  in  Lhtria*  stutlli's  piHiVlde<l  :i  uf.a*i*ul  base  f\>r  >  nr-'.'rit  actlvtly 
dediealtrl  to  layoutiJ  incorporating  I'cdueed  l^nigl  lud  Ina  1  static;  j;  Lab  i  I  i  Ly  I'ouplrd 
with  uctlvc  cronlrol  sytilems.  Hout  current  Li-alru?!'  .'uid  fighter  designs  lake  adviuitage 
uf  the  i’erformance  iniprovementH  offered  by  this  teolHilqin;;  the  amount  of  instability 
desirable  fi-om  the  performunec  point  of  view  must,  how«rver,  he  clerked  against  flight, 
control  syst.em  <?upuL<l  1  i  ties.  At  high  >u)gies  of  attack,  1  nr.t.’ib  1  I  I  ty  higli  nose-up 

pitching  momerjtM  that  mus!.  be  •ounLeracI.ed  by  ;id<*quate  'uiitri.'l  power  to  avoid  pitc:h-up 
divergence.  Tills  is  u  cruel. •!  problem  for  modern  flghtt'r  conf  Sgurut  Ions  when*  high 
wing  sweep.  l(*adirtg  edge  extc*nslonu  or*  eufianla  and  long,  poiiit.(;<i  I'or'ehodlcH  c(;ntribut<* 
strongly  to  the  pitching  moment  buildup. 

.•■«ls  and  <»lher-  control  pruhlcroa  t»r  uiiutuoie  aircraft  were  eviderit  in  on  unstable 
i:«nard  coiii'igur.it  i  on  for  an  a{lvane«»d  Jet  l.raiia^r  jilu<lli*d  In  Aennucehl  (Figure  4.3). 


The  canurtJ  r.urrauo  In  all-moving  and  In  nlzed  to  give  lOJt  in.a.c.  1  ong I liid Inal  InBtubi- 
Hty,  The  elevonn  arc  the  primary  pitch  control  nui*fuc»ici  oral  the  •  anard  lu  nchcduled 
Lo  maxtmlHf?  lift/drag  ratio.  If  the  aerodynamic  balancing  of  the  canard  lu  correct 
the  liurface  mav  he  alluwfrd  tt>  float  in  cuisi*  tif  afjiuator  fallurt;,  rcaulLlng  in  « 
atable  and  eaoily  oriLrol  lable  conflguratltm. 

Kigtirc  -1.^  nhowB  t.hc  piteditng  momont  curvea  of  alcraft  for  var*loua  iscnibinatlonu 

of  ciiotrol  deflocLioriu;  a  Solid  lino  indicates  ■he  nilriiiunm  recovery  piLching  moment 
accHjrdlng  to  a  ci'iLerloii  proposed  In  Hef.  9  (tl  -<-0.10).  At  high  angle  of  attack 
the  can  u-d  iichedul<!  culls  for  a  nose-down  deflection  of  lU*  to  get  maximum  lift 
cor  If  i  c  I  «;nts .  Klovoii  otTecti  voness;  decreaucii  noticeably  above  alplui;  .h  full 

riutic-iluwn  elcvtjn  control  input,  the  aircraft  is  trlrunud  at  ?6®  angle  of  uLoack. 

Llu^i’.o  ct)nd  1 1  i  oru} ,  pltc’h-up  reeovi^ry  etm  only  he  oht.^ilned  by  unloading  i.he  canard; 

vei-y  lar’ge  doflt.'c:  1 1  onn  are  rt^dii  1  i‘etl  hecaust*  of  tht?  ::trong  upwuuh  l‘leld  pr'tJiluc«Jd 

hy  th<;  wing-body,  W1  t.l»  r»0®  none -down  oanartl  tlt^^locliofl  the  criterion  in  met  up  to 
.'Hi'’  angle  of  attack;  ihereforti  It  may  be  nccennary  l,t>  incorpoi'ate  an  angle  of  attack 
liniltiM’  Lo  .vvoid  uncov’ tro  1  1  abl t*  pltcli-u{». 

Current  I'.tudliu;  of  fighl.er  iiircraft  .igllity  :dicjW  that  the  capability  of  flying  ancl 
inanot^uverl  ng  at  extreme  angle  of  attuck  given  nlgiilficant  advantage:!  in  cIo:ic;-ln 
ouinhat.  It  in  ther't'fort*  d(':iirabl<^  ti>  raim:  Liu;  iuigle  iif  attack  limit  an  far  as  pouniblc. 
Thin  pa  r' 1 1  ('u  1  a  t'  (;onl‘i  giir.i  t  i  n<i  incorporated  a  :tpl  It  Hit'br.iki;  on  tin;  t't>ai'  rui.eiagf' 

"nholven"  (Figure  4.3)  dt*signed  L<j  give  Mil-L>pec  Uec'clerai  lot!  wlLliouL  undeu  i  i*ah  1  e 
trim  i’f Wlrid  i.unnrl  i.iud-n  tdiowed  that  thin  alrbi  ikc  could  aliio  hi.*  uneii  an 

a  vei'y  i‘ ff'cM' i.  i  vt;  "l.ail  r]>ip".  Irt  pai'L  icia  l.ir ,  -i  constant  increment  of  no:ie -down  pi  telling 
moment  war.  obt.alned  up  to  very  lilgh  augiei;  of  .iltiu^k,  an  nliuwn  in  Klg.  4.4.  Thin 

could  he  utl  lined  i.o  i^nprov^^  the  rccovei'y  from  pilch-up. 

Anot.her  wi'il  doeutnetiLed  pt'ot>i<;m  in  the  <lfuiigii  ol'  agi  Ur  aircraft  In  thi;  loon  of  roll 
eonti'ol  .jrid  of  cl  I  t'ec' t  i  (in.’i  t  r.iabltlty  .vl.  vt'ry  hliili  .-ingle:,  ol'  .'j.t.i.aek,  leading  I.o  lat.i'ral 
depai'tui'c  .'ind  nphi  entry.  Figure  4.!>  nhowi;  Iiow  le.iding  e<lgc!  droop  tui.i  canard  dciflc'ction 
<;an  improve:  I  ateral  -  d  t  rec  t  i  ona  I  :>tabniLy  at.  high  aiigUnt  of  uLi.ack.  In  vortex flow 
domi  iiat.ed  coni' igiitMi.  i  ortn  Lht  I<;sn  of  dl  reetlonal  nt.tIUllty  at  high  aljdia  i  :*■  dia* 
i-o  the  .-ijiyinmetric  nidewash  generatird  by  wing  vorLicen  on  tin;  vi;rt.Ical  tail  rathirr 
tlian  to  flow  nepat'ati  on,  :in  depielt'd  In  Figurt*  4.<i. 

In  nideillp,  an  t.lu'  angle  of  attack  iner<;a:;<*i»  th«*  nidew<ud)  lie  Id  changer,  and  eventually 

reverses  the  effective  .ingle  of  attack  tif  the  fin.  None  drttop  and  '‘.tnurtl  dcfleetion 
inf'iueuee:  vortex  t'lcjw  <l(*v  inpmetit  aj:d  tbei'tU'orf*  liave  ait  iiiipaei.  on  1  a  tei'a  1  -  tJ  i  reert  I  ona  I 
stability  and  control , 

Water- t.iirine  1  t  low  vir.ual  Isat. lont;  <lid  eflcetlvt'ly  nht)w  idiul  <  anatai  del  Uietion  hail 
a  nul)ntint i al  influence  on  tiie  d«:veiopni<M!i.  <!l‘  fi)r*ebotly  and  wing  voriieeit;  the  pon.sthlll- 
ty  of  or, log  anymnie  tr  i  ca  I  (?ana(‘<j  <)e  f  I  I'ci  i  ona  fur  UiLto'al  conlrtil  wni,  then  i  nven  L  i  gated  . 
'I'ln*  efr<‘et  of  such  a  iiianoeuvre  depernh;  on  ieigle  of  alt.'ick,  as  ttiiown  hy  the  coi'ves 
iri  Figure  4.7  tMii'r'espond  i  rig  to  PO''  none  (hrwn  ih'I'leeLUfii  t>f  uiie  canard  ;>uel  <-i',  the 
other  rtrmaiiiing  iieutiMl.  At  low  iiteidenee  I. he  rolling  iiioincnt  produced  l)y  the  e.inaid 
in  comperisiiLed  by  «tti  oppuning  wing  rolling  nuxneiit  eau!i«*i|  by  tlu‘  t'anaril  iJownw.tMh 
fii'ld;  i-he  anyionicti-y  <j|'  r(H*eb()c|y  Vorticen  geru-r.-*e»  a  ;  ni.ill  but  i  u>t  i  t:e.*b  I  e  sidt* 
I'oi'ei*  and  yawing  moment  In  I  h>  tevne  d t  ion  «>f  l.he  <ieri<-ctt‘d  catiiir'd. 

At  liigh  ImMtIcnet;,  i.he  wing  uii  the  itume  side  of  the  ckflect«:d  t:anard  ntalls  abruptly 
and  a  Ihcjm'  rolling  iriotumt.  in  gi'iieivited  (Fignri*  4.M);  at.  l.he  name  tiini',  o  oLroiigi'r 
y.twhig  iiinifit'nl  ul‘  Uie  opposite  sign  appt*ar:;  and  l.he  jifde  forct*  inerease.';  r.uliat.an  l  I  .i  I  I  y . 
TIk'  water  t.tmiiel  flow  v  t  :aia  I  i  na  I.  i  oist  t,tkeii  at  i.lic  s.ime  ('onditlons  (i-'lgiit'e  4.'))  siinw 
.1  eiiai’  .inyiiiiiiitry  of  l.he  ftirelnMly  voi-tieer.,  with  l.he  voeti-x  I  lu\l.  Is  tin  l.lii  aunie 
:5ide  .ill  I-he  ill*  f  I  lu?  t.i.-d  e.in.it'il  i>i‘Uig  liigtu'r  and  ^'loner  i.o  the  vtfidlral  Lji  U  .  In  preMi*nei* 
of  :;i«le:il|p  angle,  tliffi'icnt  efft'cts  <'an  lie  obtairt.ai  by  deflecting  th<'  leew:ir*il  or 
t  h»*  wlndwaril  cMn.-itd  nurfaci.';  tlie  d  1  ret:  1 1  oiial  ;;tobilily  al.  iilgii  angle  of  attack  is 
worsened  In  tlie  l'lr:;t  ea:;i',  greatly  liiiiiroved  in  l.he  :.t:coiid. 

The  pott'titi.'il  "f  a::y!iiine  tr  I  e  e.tnunl  tlefUrction  If;  lmprt*ve  r.  t.ah  1  1  1  t.y  and  taintrol  at. 
higli  aiiglfsv  tif  ;itt.-iek  i:i  eviileiit.,  Iliough  the  ••d  rang  n«>n  llne.ar  hchavltjur  ol  t.iito 
iiiaiiocii-/rt*  cotild  por.e  :.en:c  [:ri;b  I  eiiir.  In  eoiilrtrl  law  tltaiigii.  At  low  incidence  vl  i  ffertnl  1  a  1 
eanar'thi  can  hi*  lined  in  combinalinn  with  rudder  .aiitJ  ailerons  in  uii  oiivun  t  i  ona  1  contr'ol 

modes  .m  direct  ntile  . .  :uid  yaw  pntut.ing.  Thera,  manoeuvres  t'an  be 

used  In  .'ill  comiral.  It;  -tiiii  t.ht*  .liiiral'l.  iit/iit*  witleiut  changing  t.lte  lii'ading. 

cuNCi.hniNd  in-.MAHhh 

Aerni.it-i-iii  has  .i<  (gjlrr'i  :i  f.-jli*  .imoiint  t>f  expei'i  In  tlur  aerodynaml  i:  design 

of  ci>nt.rtil!i  for  combat,  a  i  rt:  r.ai't  ,  ::lai'Lliig  witt:  light  tt-:(iiit:r  .iiid  ground-ati.ack  dt'signs 
wlrltdi  provide  exi'clli'ni  (*on  tro  I  I  .ah  I  1  )  r.y  .it  all  .ingles  tif  attack  using  niniplc  and 
i- fft'c  t.  i  ve  nianu;il  riyslem::.  It  par-t.ic  Ipal.ed  in  the  design  t*r  a  dtnJicaled  gi*ound-ul  taek 
I'lghler.  I  hr*  AM-X,  con  t  r' i  bo  t  i  ng  to  tiie  optimisation  of  luntroli)  wliteh  guarantee 
rcctivery  I'rom  extr-eme  flight.  atliluiJint  and  fully  developed  ttpin.'i  ao  well  au  full 
•sjiitrol  I  ab  1  1  I  t.y  with  a{‘t:cptab.e  sttirk  liirceji  in  eaue  f>f  electrical  and  hydruuli*' 


fal lure . 

Thuuc  :*euultu  wore  made  pootUblc  by  oyutcmatic  wind  tunnel  LeuLu  uuin>{  fixed  and 

rotating  balances.  First  outimates  of  hinge  mcmientn  can  be  obtained  by  cdleulatlon 
and  optlmiued  in  flight  teutii  to  obtain  good  control  characLeriut Jcu  for  a  manual 

Hyntom.  A  thorough  analynln  o\  pro-  and  post-utall  phenomena  is  necessary  to  guarantee 
predictable  and  uatlufactory  hjindiing  <4uultties  at  high  ixngleo  of  attack. 

Aenaacchl  has  developed  wind  tunnel  tout  tecliniqueu,  largely  based  on  the  u;:u  of 

the  rotary  balance,  which  allow  the  control  labi  i  ity  of  a  now  configuration  i.o  bn 
asBesaed  with  uufflelont  accuracy  In  preliminary  design.  Tliu  Aunnacclii  wind  tunnel 

wao  used  for  rotary  liulance  testa  on  the  Tornado  and  iu  currtinLly  In  u»c  for  the 
EKA  uu  well  uu  the  udvaiuu^d  truiin'r  project  (nentioned  above.  A  watt:r  tunnel  liua 
recently  been  acquired  to  vUiuoliue  and  munlpul att*  vorLctx  domlnuttKl  flown. 

KEFKHKNCEK 

1.  I’crklns,  llage,  A1  rertift  I'c-rfonnaiHU* ,  !>tabllity  and  Control,  Wll<*y  lU'iy, 
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FIGUHK  -  MATCHING  OF  SIMULATION  AND  KMGHT  TICST  UKSUI.TS 


I'lUUHK  'I. a  -  KKI-KCT  UF  UIFFEHENTIAL  CANAIIU  UEFI-KCT lUN  ON  WING  Fl.OWFI Kl.l) 
(a  .  32“,  P  .  0“) 

I.EFT)  MGTII  CANAlil)  GUliFACKn  NEIITK.M.; 

lilGHT)  IIIGHT  CANARD  SURFACE  DEFLECTED  FO"  NOSE  DOWN. 


FIGURE  4.9  ■-  WATER  TUNNEL  FLOW  VISUALISATION  AT  a  -  3?” 

LEFT)  BOTH  CANARD  SURFACES  NEUTRAL; 

RIGHT)  RIGHT  CANARD  SURFACE  DEFLECTED  70'  NOSE  DOWN 


EFFECTS  OF  CANARD  POSITION  ON  THE  AERODYNAMIC  CHARACTER  I  S:r  ICS  OF  A 
CLOSL'COUPLED  CANARD  CONFIGURATION  AT  LOW  SPEED 

by 

D.  anA  H.-Cim.  OEt/KER 

insr-itut  fflr  StrAmun^smechaiilk 
TRchnische.  Univ^iuitAt  Braunschweig 
Hlenroder  Weg  3,  0-3300  Braunschweig 
Federal  Republic  of  Genrany 


SUMMARY 

Comprehensive  wind-tunnel  Lnveatigationa  have  been  carrxed  out  on  a  close-coupled 
A  »  2,11  delta-canard  configuration  at  low  si»eed*  Rased  on  three-component,  surface 
preaaure  and  flowfleld  mee»sur‘‘ment3  ub  well  as  on  oilflow  patterns,  the  flow  about  the 
coplanar  "normal"  configuration  may  Ijf  regarded  as  well  understood.  Yhre.c  parameters 
describing  the  position  of  the  canard  relative  to  the  wing  have  been  varied  syutema- 
tictlly  witliin  certain  limlta:  Vertical  distance  (3  locations:  high,  coplanar,  low)  , 
longitudinal  distance  (3  locations:  front,  mid,  rear)  and  canard  settirig  angle  [-i2°  - 
t  u  The  results  of  three-component  loeasureinents  are  presented  and  the  corres¬ 
ponding  flow  structure  la  analyzed  by  means  of  pressure  distribution  measurewonts  and 
oilfow  patterns,  tor  a  large  variety  of  paraineter  comFilnations  in  the  vicinity  of  the 
'  iioiin&l'’  configuration  the  same  state  uF  the  flow  with  two  separate  vortex  systems  for 
canard  and  wing  bars  been  found,  and  the  effects  of  ditferent  canard  positions  relative 
to  ihe  wing  '^n  the  aetuUyoaniic  ct efficients  could  be  explained  by  this  flow  mechanism. 
For  low  caiiurd  positions  and  largo  setting  angles,  however,  the  formation  of  vortices 
on  the  lower  surface  of  tl»e  wing  as  well  as  the  merging  of  the  canard  vortices  with 
the  wing  vortex  system  on  the  upper  surf  are  has  been  observed.  This  tlow  stracture 
Leeds  to  abrupt  changes  in  the  aerodynamic  coelficlente  which  are  unaci:ei>table  for 
pjactJcal  flight  conditions. 
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1,  INTH(JDUCTI0N 

The  application  of  close-coupled  canard  configurations  for  tiiodcrn  fig)»tet  design,  e.g.  in  lurael  Air- 
cralt-lndUBtriea  (lAI)  Lavi,  SAAU-Viggen  and  tripen  and  the  Curopean  Fighter  Aircraft  (tFA) ,  has  concide- 
rably  increased  in  the  last  years.  Canard  configurations  are  well  known  ulncn  tlie  Wright  Flyer  in  1903.  An 
early  senes  of  experimentai  investigatioaa  has  been  carried  out  at  NASA  in  the  1950'®,  Refs,  [l]  to  (73, 
which  were  concerned  with  long-coupled  canard  configurations,  since  II.  Behrbohm  (8]  it  is  known  that  clo¬ 
se-coupled  canard  configurations  with  canard  and  wing  of  small  aspect  ratios  In  the  riknur.  oi  1  ^  A  L  3 
have  substantial  advantages.  The  values  ot  inaximum  lilt  coefficient  c  and  of  the  cor  responding  angle 
of  attack  considerably  increased  by  adding  a  delta  canatS  to  a  delta  winy.  This  advantage 

is  due  to  lavourable  interference  between  the.  vortex  system  of  canard  and  wing.  A  second  serlefi  of  meas¬ 
urements  has  been  performed  at  Naval  Ship  Research  and  Development  Center  (NSWX) ,  Kefs.  Cy]  to  Cl2],  and 
A  third  one  at  NASA,  Refs.  Cl33  to  [2lJ.  These  two  last  series  were  concerned  with  close-coupled  canard 
configurations.  Tliey  confirmed  the  results  of  H.  uehrbohm  Cu]  and  added  a  lot  of  new  details.  It  turned 
out  that  d  canard's  benefits  are  largest  fur  a  high  canard  location,  in  this  ces*  'he  maximum  lift  coefii- 
cient  as  well  as  the  corresponding  angle  ot  altack  higher  n  fur  the  clean  conflg- 

uratloii.  winy  has  a  ixjgitive  effect  on  the.  flow  over  the  c^ard;  Its  effe<  e  angle  of  attack  Is  In- 
cre.ised  and  its  utali  is  delayed.  For  a  high  canard  location  the  largest  valuer  or  L/D  are  achieved.  Con¬ 
cerning  the  longitudinal  stability  a  destabilizing  pitching  moment  occurs  for  all  canard  configurations 
which  depends  linearly  on  the  canard's  longitudinal  distance  from  the  wing.  The  trlmnang  capedpllltleu  of 
close-couj’led  canard  configurations  in  comparision  with  conventional  cont Jgurations  have  been  investigated 
by  R.U,  Uberle  et  al.  [22]  and  S.b:.  cioldstein,  C.P  Combs  (23],  Similar  studies  related  to  the  regime 
beyond  stall  have  been  carried  out  by  H.  John,  W.  Kraus  [24]  and  W.  Kraus  [2Sj.  Investigations  on  the  In- 
terfeiHiice  between  a  canard  and  a  loiward  uwopt  wing  have  been  performed  by  K.li.  tlrlffln  et  al.  (26J, 
[27],  [.'’»]  In  the  course  ot  the  developmr-nt  of  the  research  aircraft  X-29. 

Investigations  on  the  physics  of  interfering  vortex  systems  of  canard  and  wing  are  very  rare.  B.U. 
lUoss,  D.D.  Miner  [10],  D.J.  Lorinez  [29]  as  well  as  J.  br'-Kl,  A.  Seginek  [JOl  gave  sore  qualitative  in¬ 
sight  into  the  flow  structiirf  by  means  of  flow  visualization.  Flowfield  measurenentB  have  been  carried  out 
by  K.  GalHngton,  G,  Sisson  [31]  as  well  as  for  coiif igurattunu  with  u  forward  swept  winy  by  K.L.  Grifflik 
et  al.  [27],  [2H]. 

The  calculation  of  the  flow  around  canard  configurations  *ind  the  corrnsponding  design  of  configura¬ 
tions  by  means  of  aerodynamic  theory  are  presently  at  the  very  beginning.  To  promote  substantial  progress 
in  this  field  the  "International  Vortex  Flow  Experiment  for  Computer  Code  Validation"  was  initiated  by  G. 
cirougge  [32].  Ao  the  basic  ccnflguratlon  to  be  investigated  both  theoretically  and  experimentally  a 
’  jrt-coupied  canard  cunf IguruLion  was  chosen.  The  Jnutitut  fdr  StrOmu,ngBmechanik  at  Technische  Unlversl- 
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Canards  Aspoct.  ratio 

Leading-edge  sweep 
ThicXnees-i.  atio 

Wxng:  Aapect  ratio 

Leadltig-edqe  sweep 
Thickness-ratio 


Fuaeiage:  Height-ratio 

Thickness-ratio 


Combination  Wing-Fuselage; 


A  -  2,31 

-  60“^ 

(t/c  «  0.05 
r  C 

A  »  2.31 
Cp  «  bO  ° 

(t/c  )”  -  0.05 
r  w 

{h/D  -  1/12 

{t/D  -  1/00 
F 


Relative  fuselage  length  ■2.0 

Relative  fuselrqe  width 

Rear  position  of  *  0.617 

cotnblnation  Canard-Hinq: 


Relative  canard  size 

Vertical  position 
Horizontal  j^^osition 
Setting  angle 


b  /b 
C  W 

-0,04  2 


-  0.4 

-  0.16 

)1  i  40.04 


-0.01  S  R  S  40. ib 


-  12‘’  -  i  £  +  12" 


Tab.  1 :  iTeooietrlc  data  of  the  ci^nliguratiun 


Fig.  1 ;  wing-fuselage-canaid  configuration 


tat  hraunachwelq  took  part  in  this  international  cooperation  by  meann  ol  experitiental  investigatiunu  on 
two  different  couliyuratluns .  Apart  from  the  internatioiial  configuration  ti2)  a  sharp-edged  delta  wing/ca- 
nard  configuration  with  a  ,  *  a^  ■  2.31  and  b^/b^  *>  0.4  according  to  I'tg •  1  has  been  studied  in  detail. 
Tlu'PP-conpone.nt,  surface  pressure  and  tlowflnld  ineasurenents  using  a  conventional  five-hole  probe  as  well 
us  flow  visuailaatlons  by  moans  ol  uilflow  {patterns  h.we  been  iw^rfonned  In  the  institute's  1.3-m  low  speed 
wind-tunnel  and  additions'!  flow  visualizations  have  also  been  carried  out  in  a  small  water-tunnel.  The 
investigations  were  plainly  concerned  in  the  wing  alone  as  well  as  in  a  coplanar  canard-winy  combination 
-called  the  "ncimal"  configuration-  in  order  to  detect  the  basic  Interference  effects  and  to  provide  a  set 
of  experimental  data  <iii  uerodynau'ic  coefficients#  surface  pressure  (Ubtributlons  and  flowiteld  structure 
fox  comparisian  wlUi  results  of  theoretical  investigations.  The  exierimental  data  foi  the  norm.'!  canard 
configuration  have  been  pubJished  by  U.  Hummel,  ll.-<*hr.  Uelker  CliJ#  l34},  l35l#  [3b].  As  «i  result  of 
these  invcbtiyatlona  the  flow  structure,  the  corresponding  surface  pressure  distributions  and  the  aerudy- 
nomlc  coefficients  au  well  as  the  mechanisms  «*t  Interference  between  canard  and  wing  may  !«■  regarded  ns 
well  understood  for  this  coplanar  configuration. 


Tue  wind-tunnel  model  according  to  I’ig.l  was  equipped  with  «  flat  fuselage  in  order  to  Jix  the  jxj- 
situn  of  the  canard  relative  to  the  winy.  This  flat  fuselage  i>rovldrd  the  posyibillty  ol  varying  the  cn* 
luircl  {XJSitlon  and  attitude  to  stjme  extend.  Three-irompouent  and  wuiface  pressure  cli^tributiun  jiwburements 
as  well  as  tJow  viaua'-izations  by  means  of  surface  oilt  low  patterns  have  been  curried  out  loi  dilteient 
longitudinal  and  vertical  positions  and  lor  various  setting  angles  of  the  canard,  ‘ihe  results  ol  these 
inveBtigatli'nu  are  presented  uubupqu«'ntly  and  they  arc  discuused  «^n  the  banln  of  the  wull  known  'structure 
ot  tlie  1  low  about  the  normal  configuration.  The  performance  and  the  <*tlrctiveiipeB  of  the  canard  will  be 
related  to  the  flow  structure  and  to  the  mechanlwne  of  inVetference  preoent  in  throe  contigiirations. 


2.  EXPLKIMLNTAL  SLT  Up  AND  TLST  PUOGRAM 

The  expcrimeiital  inveatigutlons  have  been  carried  out  in  tlie  1.3-m  wind-tunnel  of  the  Tnstitut  fi'r 
StrOmungsmechanik  ot  'fechnischt  Univercltilt  Braunschweig. 

2.1  Moods 

The  inve.utlgatloiiB  have  been  iH»rtoinned  tor  a  wing— fuselage— canard  configuration#  which  ia  shown  in 
vtii.  .  The  fjei.metri c  d.nt.i  in.ty  be  taken  from  Tab.  1.  Wing  and  canard  have  delta  planforms  of  aupect  rAtlo 
A  '■  A  2.31  .iiid  a  corresponding  leading-edge  sweep  of  O  ,  ■  ■  60",  in  both  caacB  Byrniretric  j;drabolic 

rtW-  airr\»Llb  foi  the  root  section  and  parabolic  contours  in  simnwiBe  direction  have  been  ur.ed.  The  liMd*- 
Ing-eilye.s  are  Bh.ixp.  Roth  winy  and  canard  are  etiulppcd  wltli  a  tube  system  underneath  the  surface  and  with 
preesure  holes  in  order  to  measure  the  surface  pieusuxe  diiitrlbution,  A  very  Flat  luselage  hat  l;een  chosen 
to  keep  the.  canard  io  position  relative  to  the  wing,  to  provide  Home  varl=ition  of  this  i>o8ltion  and  to 
covei  some  volume  necessary  fur  the  r\jbbpr  tubes  in  the  case  of  prensure  diatribntioii  mna8Uretnent& .  The 
fuselage  consists  of  a  cylindrical  iK)rtion  ol  length  ■  bh^,  and  attached  are  front  and  rear  pi'rts  ot 

length  1  "1  ^  2h  .  Their  ebai>e  has  hern  taken  au  .a  i>olynoinJai  of  touxth  order  which  rne.'Cs  the.  cylin¬ 

drical  pVrt  continuously  with  rep|iect  to  slope  and  curvature.  The  wind-tunnel  model  was  produced  with 

b  600  mm . 

W 
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I'he  gftoiretric  data  ot  the  combii'ations  wjng-fU6eiage  aiid  canard-winq  are  colircted  in  Tab.  1.  Th«< 
wing  wab  added  to  the  fueelaqe  in  &uch  a  way,  that  the  traiLing-rdqe  of  the  wing  coincided  with  the  r« .r 
end  of  the  cylindrical  [jart  of  the  fucelaqe.  Concerning  the  cancrd-winq  cojibination  aome  variavlonB  in 
vertical  and  hori.zontal  i>oB.ition  ae  well  at  in  sotting  angle  of  the  canard  were  p^jsslble.  The  correspoJi- 
dlng  ranges  may  be  taken  trom  Tab.  1.  A  typical  configuration  hac  i^cen  chosen  as  a  basis  for  comparisons. 
Its  parameters  are  l  "  O”,  II  0,  R  O.OS  and  it  is  called  subsequently  ''normal"  configuration. 


2.2  Description  of  the  tests. 

The  wind'-tunnel  investigations  have  been  carried  out  free  stream  velocities  ot  V  30  m/s  and 
V  -  40  m/s,  winch  correspond  to  Reynolds  numbers  of  Re.  -  10  and  Re  -  1<4>10  . 

Three-component  measurements  (lift,  drag  and  pitching  lacwient)  have  been  performed  for  -5®  i  a  i  +40® 
with  fia  “  The  surface  pressure  measurements  have  been  t:arried  out  on  the  suction  side  for  V  selected 
angles  of  attack  only.  The  flow  on  the  upper  surface,  ot  the  configuration  has  been  studied  by  means  ot 
oilflow  patterns,  lor  this  purpose  the  clack  model  surface  was  ijriinted  by  ^mixture  of  al'jm^nuj»oxlde-pow” 
der  and  petr{>leum  and  benzine  (ratio  of  components  :  Ig  aluminumoxide  :  lew  |>etroleum  ;  1cm  ‘oenzinel  and 
exposed  to  the  flow  for  about  half  a  minute. 

Flnwfield  mcusuremetitK  were  carried  out  in  planes  perpendicular  to  the  free  stream  using  a  conical 
five-hole  probe  of  2  mm  dion^eter  (JC).  These  measurements  wt^ie  performed  with  the  normal  coni  Iquration  at 
statlonu  »■  0,  0.3,  O.C  and  0.8  over  the  wing  as  well  as  at  stations  "  l.tu  and  1.12I»  downstream  of 
the  winq.  The.  angle  of  attack  was  a  =  8.7",  where  vortex  hrsaVdown  is  not  present. 

A  large  variety  of  canaid  ^Kisitlonb  hue  been  investigated.  Concerning  the  vertical  location  of  the 
canard  three  different  heights  correspondin'!  to  II  ■  -0,U4  (low),  11  0  (coplaiiar,  midi  and  11  -  +0.04 
(high)  were  tested.  The  longitudinal  distance  i>f  the  canard  from  the  wing  was  adjusted  in  different  loca¬ 
tions  corresponding  to  H  =  O.lb  (front),  0.05  (mid),  -0.01  (rear).  The  canard's  setting  angle  t  was  alte¬ 
red  In  steps  of  Ac  “  6*  an  c  "  -12®/-G®/0"/+b®/Hi2®. 


I'ig.  2t  Results  of  thcee-compojient  inwssurenients 
configuration  at  Ke  =  10  . 


3.  KtSULTS 

3.1  Normal  conf lyuralion 

The  basic  interference  effects  between  canard  and  wing  liave.  been  studied  by  meonB  ol  Uie  canard-i^n 
normal  configuration  ■and  the  canard-off  configuration,  see  section  2.  The  results  of  chese  investigations 
have  been  published  in  Kefs,  [33],  [34]  and  (JGJ«  The  main  findings  are  to  be  rejjeated  here,  since  their 
''rowledge  Is  essential  for  the  understanding  of  the  effects  of  canard  jKislLlon  presented  in  this  paper. 

At  first  the  results  of  the  three-component  measurementB  for  the  canard-off  and  the  canard-on  normal 
configuration  are  presented  In  Fig ,  2 .  1'"<‘  low  angles  of  attack  botli  conf Jguratlonn  h«v,»  nearly  tlie  ^ame 
lift  and  drag.  The  addition  of  the  canaii  to  the  wing- fuselage  configuration  cJ.angea  a  formerly  nose-down 
pitching  moment  to  a  nose-up  pitching  moment.  The  results  of  the  corresponding  surface  pressure  measure- 
menta  at  a  0.7®,  marked  in  rig.  2  by  the  black  symbols,  ore  presented  in  Fig.  3,  The  traces  of  the  lea¬ 
ding-edge  Vortices  can  be  detected  frotA  the  suction  I'eaks  on  both  configurations  and  it  can  clearly  be 
seen,  that  vortex  breakdown  does  nut  take  pluce  at  this  angle  of  attack.  A  co  •iiarison  between  Figs,  3a  and 
3b  reveals  tvu  characteristics  of  the  flew  around  the  canard  configuration.  The  pressure  distribution  ('n 
the  canard  is  very  similar  to  the  one  on  the.  wing  alone  and  in  both  cases  the  flow  is  fairly  conical, 
apart  from  the  trailing-edge  regioj  .  On  the  wing  of  the  canard  configuration  the  pressure  distribution 
shows  considerably  lower  sixctlon  peaks  in  the  front  part,  which  lie  closer  to  the  leading-edge  than  in  the 
non-interfeiing  case,  and  the  flow  on  tire  wing  of  the  canard  configuration  is  distinctly  non-conlcal.  The 
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>■  j  i  Uj'i'pr  sujrract*  I’C^ssurt'  dleiril’ution  at.  u  -  H.?”  ana  !<♦'  1.4  ♦  10  . 

a)  fdiidrd-oit  cc>rif Iquvativ'ii;  1>)  cdnat<l-on  normaJ  t;t«»iliyuiutl«jn  .  i\  O.C'’  {ihIiI/ ,  ii  0  (.li'll, 
i-  «■  0,  LA-  (.'.indni  Vurl^:: ,  WV  wiiuj  vur^^t^x. 


rrhulta  yf  t'low  viauaUaaH.o.i»_a  by  :.v.\ns  af  iMtlriHs:  uii  tlir  .•.»rf.«ep  at  «  h.?"  .irr  j 

ill  Klo.  4,  I'ui  tlif  nun-int*»r(f tmq  vas#*/  Kl'i.  4a,  an<»  can  d#*tect  liio  ►rac'.’s  of  the-  votti  *';, 
with  ifif*  aid  oX  orimary  ottdclimeiic  and  s^*coi\d«j:Y  s^paratioi*  linfu.  Th**  tl<.v  l>.  'airly  cuniial,  iic<,  ?> 
shows  d  vpry  similar  pdtt«»rii  on  th**  canard  t>f  th**  irafuicd  coni isiuiut  ion.  Th«»  »lri'au>l ‘'-'ii  I  Itf*  wljuj  ■■f 
this  conliquxdt  ion,  how»>v^i  ,  jr**  distlia-tly  dllf<*r*»iit  from  Lli*»  nc.n-Antri  li»rlnq  caj.r.  liLiPary  at  Knluni'in 
and  spcondaty  .pjjarfltlon  1  iiips  indicate,  that  thp  win9  '-ortlcps  st.^ri  a  fair  «Ui  tanc^  dowji'.t  r->ai.i  of  tlir 
wliiq  apex.  On  the  innei  portion  ot  the  leadinq-ed<jv  rilher  «»m  atta<*h<-*l  i  lt>w  «>y  <,  v«-ty  vo.ik  flow  !,rj  .ira’.i'in 
It’  ix'*8ent.  This  Uv'.uy  In  the  f«.>rtnuLi<*n  ^>1  lea<Jin<i-edqc  vovticob  coiiioitlt-r-  vith  the  imalU*!  sui  lion  }'*>,. kn 
ot  the  pressure  dibtributioiib ,  which  ate  iiidicat«'d  in  I'iq.  .lb.  It  c<ii»  uIho  cl<‘ailv  be  srrn,  lluit  t)n'  I  low 
tin  the  wing  of  th**  i  anard  coiU  i'luration  i.s  highly  nun-conical.  Fig.  4  uhowti  again*  that  m>  vol  l^•^  bn'.ik- 
down  is  pteuent  in  U.ib  cas**. 


Tho  I'l  (‘.spni.i*  iun  oi  thpsp  results  i  Ip ,  th.it  tiu’ip  la  <i  stri»nq  Influent  p  nf  thp  tlip  wln«j 

If  thl'i  sm.ill  .iii'jlp  o’  ott.ick:  The  ii^ncirii  iliducPb  I'phjjul  its  t  r«'l  linq-rtUiP  a  <l<>wiiwflKh  ilpld  within  ila 
;.j  .11'  and  an  iijiwaah  firld  outfildr  lip  span.  Thp  dowiiwaah  lirjd  rrclm-pfl  t  Iip  PttpctlvP  anqlp  of  attaolc  in  tJiP 
forward  and  inner  i'ottion  "f  the  winy  liiiissldt'i.dily,  Thi»  leaoi*  lt»  .1  sujprppalon  «•!  JJoW  aPparation  their. 
'I'he  upwaah  firld  InvTP.ihPh  the  pfteitlvp  .inyle  of  attack  in  the  I'Ut.aldr  .irul  rear  juirtii'n  of  the  wlmj, 
whir-h  supports  flow  aepaiiit  ioa  there.  This  mechanitan  leodK  «i>  a  delayed  fnitnatit'/)  ol  the  winy  vertex  down- 
.sfre.im  01  the  winy  ajex.  ltecau:?p  .d  the  noitvuillojin  dluttiiiutioii  «if  the  effective  angle  ««t  attark  alonij  the 
le-tdinq-edye  «)f  the  wifH,  the  winq  vortex  in  ted  with  vurtlflty  it’  a  illtlPien!  inaiin“r  than  it  is  kiuiwn 

irnm  the  non“  inter  tei  iny  nase.  In  tcit.il  tlie  winy  workK  at  a  l*>wer  ingle  «»f  attack  than  in  tlie  non-  inter!  e- 

riny  criP,  wliich  leude  to  .1  i-oiTj-rnniit  l«>ji  ul  the  .iddltlunal  lift  at  tin*  canard  thJoiiyh  J  loss  of  lilt  at 
the  winq.  Therefore  l"'th  conl  iyuraf  ions  have  almout  the  aajne  lift.  At  thiy  aiiqle  t»t  attack  of  n  -  f<.l‘  the 
intlupiicr  of  the  vln«j  on  the  canard  is  very  small. 

The  reaultn  <■!  tl<iwfleUi  nieasurement  s  over  'he  t-aiiard-un  ncnrrial  coni  iipuratiori  ot  n  ■  u.J'  .ite  shown 

Iti  ri«j_. _ Tin-  I  Iral  medHiirinu  jilanr  Ik  loc-ilcd  .if  the  aj»ex  of  the  wxiiq  at  •  0  which  is  equal  to  4 

I,  The  teyioni.  with  rel.itively  large  lotiil  i*ie«fiiir»-  Ii'SSpb  lej-iesent  the  v<irtex  Hystem  of  the  caiitin). 

Jt  c'jnt.i.sts  of  the  c.in.trd's  pi  irrary  vortt-x  it  »i ,  f'.n  ami  of  an  •‘ilreaily  lully  devel4i|>ed  cfiuntei  'utatliui 
t  i.iilljty-edgc  vortex  at  n  ••  d."!  ,  This  vortex  lemilts  fnnn  ,1  r«.'lllng-U|  i-ioceSM  of  the  Lr^iillii'i  vi'ftex 
sheet  behind  the  <-.iii,ird  which  ia  alinilai  to  the  wel  l.*ki)i>v-ti  l>ehavioui  of  the  floi/  downstream  I'l  ii  ilelt.i 

witui  ilescrlhed  hy  M.  Jlurrmi-l  fj^I,  The  i.aii.iitl '  h  aecoinlayy  vorlex  could  hardlv'  1-e  detected. 

j'urthei  downat  1  f.n'i  over  the  wlm;  the  (.anard  vor»ex  system  remains  separate  tri'in  the  winq  vortex 
..yntein.  The  Vorti<-ily  .nheet  orqinatlnq  fU'in  the  Ltai  1  iit>j-ed>ie  of  i  he  c.maid  t»ru  hes  the  upper  Burtace  of 
Ific  winn  and  a  Itibinn  with,  lli#'  stictlon  tilde  hound.iry  layer  t.ikej.  place  in  the  Inner  {»ortit>n  ot  the  winy. 
At  sope  sittnwibi-  sl.it  ion  the  can-iid‘s  vurticily  nheet  Atpiin  separ.iten  froi'i  the  wing  and  rolls  into  the 

■  •.iii.ird's  t.iai  llng'-edg-i  vortex.  W.it  -hln'l  ilown.st  1  ceMi  tin*  cent«T  <’f'  this  v«»i#ex  turnt:  .Tfounil  the  c  anard's 

piimaxy  veatex  in  the  i  I'ljun  ol  rotation  of  tlil»i  pilm.-ry  v<ut»>,  hue  10  th«'  Jownw.ish  of  the  car.ritd  the 

•  I  I  Lex  Idnii.ition  .it  the  wl/iq  leadlng-i'd*je  le  del.iyed  uf  to  •  (>.  I  -  Mute  downni  ream  a  stninq  winy  lea- 

dinq-Pd«i*'  voiti'.x  system  with  a  correKpondiny  ...ecoiuhcry  vorlex  develop*;,  hetween  tlie  sepaiate  vortex  sy 
atei'iH  "1  c-ip.ird  tiriil  wing  sojue  ini er f eren'ie  takes  placf'.  The  i-.ia.iid  vortiyes  appLOdth  the  winy  very  hi«ih 
.d-iv*.  flic  plan*'  of  Uin  winy  .incf  nndrr  the  ini  iueiue  of  tjii'  devel.ipiny  wlrtif  it  es  the  canard  Vorticej. 

move  uihocU'd  un«l  ciow-nwardH.  f'ehind  the  tcallinq-edge  of  the  winy  the  vortex  i-istems  ot  canard  ami  wing  air 

.•.till  cfyarute.  ‘lln  trailin'f  voitex  ahepl  of  the  wlini  ..gain  roliti  uj  into  a  corieapoiidiny  connter-iolai  iny 

•  i  al  i  rnyedyc*  Vortex.  Kl«j.  *•  ahoWM  a  schematic  overview  <>1  lh*‘  flow  ileld  ahovc*  the  <*anatd-on  jiurrirtl  coti- 
'  i'tural  ion  icjw  atiqit-  «•<  attack. 


With  incre.nH  ny  .myle  0/  attack  f  In*  ;li'wfield  around  the  iioimal  c-oni  lyni.illoh  remains  virtn.illy  the 
!;.iiac.  riiP  vtniex  ayntcuH  fruiii  cjiiard  .id  wlmi  .ire  always  sepaiaie.  (lowevai  ,  i.ln*  dlutanie  ol  the  c.uiard'b 
w.ike  fioiii  tin-  winy  iijcre.ises  .it  l.iiyer  an-ilcb  of  att-ick.  Thlu  ii.euiis  lh.it  the  c.nuird  Induced  dcwnw.iBh  .it 
the  wlnq  i.s  red'Kcd  .ind  corri’sj-ondinyly  the  llll  ol  1  he  wing  Im’re.iacH.  t-ii  Ihi-  oth»*r  hand,  the  c.inard'H 
angle  at  oMock  is  ,iIho  iiici.'afiPd  hy  an  upwjbh  iiidureJ  by  Ihe  wing.  At  very  large  ariglea  of  atta::k  vortex 
t're.ik«|,.*.n  within  the  caii.ird  Vortli.PH  lb  ci'ii«lifei'ahl\  'Jelayr'd  hy  tin*  ai:ci'ler.^i  Ion  ol  the  flow  over  the 
upl'i’i  bUt.'ace  of  the  wing  iiea.7  the  wing  leadlncj-edge.  nn  the  other  luind  vortex  hrejkdown  within  tin*  wlnq 
’•orticeb  ie  atHo  delayed  due  Lu  the  downwash  induced  by  the  cuimid.  Moth  etlects  lead  to  high  lift  coetfl- 
«  ieiit.s  .11  v»-ry  larys*  angles  of  attack,  hut  lh«’i;e  l-'VfMirable  sswtua'  iJite*  letrnci'  etfecLS  ale  Llmlti*d.  Thuu 
tor  lurthei  liu'redsed  .mg  res  oi  attack  vortex  breakdown  nnddenlY  meveo  upstreain  in  the  canard's  and  the 
wliej'.s  vnileX  ayatrmu  .imJ  ••orre.apondinq  ly  the  ir.ixiBiuin  till  c*ietli<-lent  Is  reached. 

Starring  I  mm  t'  a  nnrnial  ecu.  Igui.ition  the  eflpctH  of  variation  of  Hie  caiiard'u  Itingltudirni  I  and  ver- 
iJ.al  jKiMitloi!  and  o*  Ita  i.rtviny  .ingle  .ire  dlMcusr.ed  uubeegupiitly.  For  this  |>urj>oBe  two  ot  thear  p.irame- 
ters  are  kept  c'JiiRt.iMt  at  the  v.ilneM  of  the  normal  contiguratloii  and  the  third  paraniPter  iti  v.irlet!  Byete- 
matif.illy  within  certain  liralts.  Thlo  li'.ide  to  an  overview  nf  the  errodyiuunlc  char.rcterl '^tice  in  the  vici¬ 
nity  ul  the  normal  cojp  igm.it  ion.  Finally  the  behaviour  of  the  i.oiii  Iguratlon  1b  .•nalyi’.ed  in  detail  lor 
some  .s*-lerted  pai.uneter  comljin.H  ions  which  In.nl  lo  rernarkabJe  aerodynaaic  coelficlents  .ind  related  flow 
-Lru'-  tures . 
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3.2  Variation  of  canord's  longj;.ud’..al  position 

The  Influence  of  variationa  of  the  ccu-.ard's  longitudinal  position  on  tlie  lift  and  pitching  oiomeiit 
coefficients  may  be  taken  from  Fig.  ?.  Results  are  shoi>n  lor  coplarar  canard-wing  conf ig^trations  (H  *  0, 
E  -  0)  for  which  the  parameter  range  -0.01  S  K  :>  4^0.16  could  be  investigated.  Tiie  main  effects  are  larger 
noae-up  pitching  moments  with  increasiikg  longitudinal  distance  of  the  canard  from  the  wing.  This  influence 
is  well  Itnown,  see  e.g.  D.W.  lacey,  S.J.  Chorney  t9],  and  it  is  due  to  the  increased  distance  of  the  ca¬ 
nard  from  the  pitching  moment  reference  point.  The  lift  coefficient  is  almost  the  same  for  various  longi¬ 
tudinal  distances  R,  but  a  close  view  indicates  that  the  highest  values  are  achieved  tor  the  most  forward 
canard  position. 


lO*-  ?0«  30“  0*  to®  20®  30®  '.0® 


Fig ,  7 !  Results  of  the  three-component  measurements  tor  canard-on  configurations  at  Ke  »  10  .  variation 
of  canard  forward  position  H  for  t  •»  0,  ll  -  0  (mid) . 

Pressure  distributions  at  a  =  d,7"  tor  different  longitudinal  pt)silion  of  the  canard  are  shown  in  Fig. 
8.  Those  for  the  canard  itself  are  virtually  the  same,  but  distinct  differences  occur  in  the  front  j>urt  of 
the  wing.  With  increasing  longitudinal  distance  of  the  canard  from  the  wing  the  vertical  distance  of  the 
canard's  wake  from  the  wing  plane  increases  as  well,  i'his  means  that  the  canard's  downwash  >it  the  wing 
decreases  and  correspondingly  the.  vortex  fonoation  at  the  wing  leading-edge  starts  »'loser  to  the  wing 
apex.  This  effect  may  he  taken  trom  Fig.  8:  In  the  section  at  t  »  t).3  for  h  •  +u.li>  a  suction  j'pak 
due  to  a  leading-edge  vortex  is  tcund  whereas  in  the  same  section  for  R  ■  -O.Gi  the  {ies6ur<  distribution 
indicates  just  the  onset  of  ae[;aration.  Thus  the  wing  lift  coeffl<'ient  increases  for  larger  longitudinal 
dlGtances  of  the  canard  from  the  wing.  On  the  other  liand  the  wing  induced  u|w.Jbh  at  the  uanard  and  r.^rips- 
pondingly  the.  canard's  lift  coefficient  decrease  wlih  increasing  longitudinal  distance  of  the  canard.  The 
latter  effect  turns  out  to  be  secondary  and  theref<»re  tire  overall  lilt  coefficient  increases  bJightly  with 
increasing  longitudinal  distance  of  t.he  canard  from  the  wing. 


Fig .  8 ;  upper  suriace  pressure  distribution  at  o  -  8.7®,  Re  «  1.4  •  10  ,  H  »  0,  e  0  tor  different  lon¬ 

gitudinal  ixjsitJons  of  the  car.ard  a)  R  -  0.16  (front)  ,  b)  R  -  -0,01  (rear)  .  For  R  ■  0.06  (mid) 
flee  Fig.  3,  CV  Conard  vortex,  W  Wing  vortex. 


3.3  Variation  of  canard's  vertical  position 

Besulte  of  three-component  measureinenta  for  various  canard's  vertic/il  positions  are  presented  in  Fig, 
9.  Concerning  the  ii*t  coefficient  only  sinall  effects  can  be  detected/  but  a  close  view  shows  that  for  the 
high  canard  location  sligthly  larger  lift  coefficienta  ac  welJ  as  higher  L/D  ratios  are  obtained.  The  de- 
stnbilizing  nose-up  pitching  mosient  depends  nonlinearly  on  the  angle  of  attack.  Jncreasiiig  the  vertical 
distance  of  the  canard  from  the  wing  plane  increases  the  pitching  moment,  but  thr  nonlinearity  nf  the 
pitching  moment  curve  is  reduced.  These  results  coincide  with  the  findings  according  to  D.W.  Lacey,  S.J, 
c;hornoy  C9J,  h.n.  Gloss  [14],  (l7]  and  others. 


Fig .  9 s  Hesuits  of  the  three-component  measurements  for  canard-on  configurations  at  He  lO  .  Variation 
of  canard  height  H  for  c  *  0,  R  •*  0.05  (mid)  . 

The  upper  surface  pressure  distribution  at  a  *  0.7*  is  shown  for  different  vertical  positions  of  the 
canard  in  Fig.  lO.  For  high  and  low  canard  positions  the  canard's  pressure  distributions  are  identical. 
Substancial  differences  can  be  identified  fn  the  front  part  of  the  wing.  In  the  section  f,  •-0,3  e.g.  a 
vortex  induced  pressure  distribution  is  found  for  a  high  canard  location,  whereas  in  the  case  of  a  low 
canard  on  attached  flow  pressure  distribution  occurs  in  the  same  section.  This  means  that  lowering  the 
canard's  vertical  positiort  leads  to  a  delay  of  the  vortex  forvuitlon  along  the  leading-edge  of  the  wing. 
Tills  effect  can  clearly  be  detected  from  Fig.  11,  in  which  oilflow  patterns  from  the  upper  surface  are 
presented  tor  different  vertical  positions  of  the  canard.  Flow  vi8uali2ation8  of  Uiib  kind  have  shown  that 
even  tor  low  canard  positions  and  angles  of  attack  o  ^  10*  the  canard's  vortex  byatem  pasbeb  dovrstxeam 
above  the  upper  surface  of  the  wing. 

Regarding  thf?  Interference  mechanism  for  different  vertical  locations  of  the  canard,  tJie  main  effects 
at  low  angles  of  attack  result  from  the  canard-induced  velocities  at  the  wrng:  Lowering  the  canard's  ver¬ 
tical  position  leads  to  ati  Increased  dovnwash  in  the  Inner  j.'ortion  and  an  increased  upwasli  in  the  outer 


Fig,  10 i  Upper  surface  pressure  distributioji  at  o  *  3.7®,  ■  i.g  •  10^,  R  •>  0.C5  (mid),  t  •  0  lor  dif¬ 

ferent  vertical  positions  of  the  canard  s)  H  *  +0,04  (high),  b)  U  -  -0.04  (low).  For  H  -  0  (mid) 
see  Fig.  3,  CV  Canard  vortex,  WV  Wing  vortex. 
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poition  of  the  vln^.  Apart  from  the  delay  in  the  onset  of  vortex  formation  alony  the  leading-edge  of  the 
wing,  a  close  view  of  flq.  10  indicates  larger  suction  in  the  central  portion  ol  the  winy  for  low  canard 
positions.  This  may  be  due  to  an  cdditionai  iionlinear  interference  effect,  which  results  from  the  lower 
distance  of  the  canard  vortices  frcoi  the  wing  surface.  Since  the  lift  of  the  canard  does  not  depend  on  its 
vertical  location,  the  reduction  of  the  wlng*8  effective  angle  of  attack  at  low  canard  positions  should 
lead  to  a  de<-rea6e  of  the  Lift  coefficient,  but  due  to  the  additional  interference  effect  -mentioned 
..hove-  Che  lift  coefficient  is  fairly  independent  of  the  canard's  vertical  location.  Concerning  the  pitch¬ 
ing  moment  coefficient,  for  the  low  canard  locations  the  destubilirlng  nose-up  tendency  is  reduced. 


For  large  angles  of  attack  the  aaioc  effects  of  the  canard  on  the  wing  flow  are  present.  This  may  be 
taken  from  the  praasure  distrlbutiona  on  the  wing  shown  in  Fiq«  12  for  an  angle  of  attack  of  a  *•  29.0”.  In 
this  case,  however,  also  a  remarkable  effect  of  the  wing  on  the  canard  flow  can  be  recognliced.  For  mid  and 
low  canard  locations  the  suction  in  the  front  part  of  the  canard  is  conbiderably  increased.  This  Is  caused 
by  the  wing-induced  upwash  at  the  canard,  which  Is  largest  Cor  low  canard  positions  due  to  the  unsymmetry 
of  the  wing  flowfield  at  high  angles  ot  attack.  However,  in  the  rear  part  of  the  canard,  the  vortex  break¬ 
down  region  is  enlarged  and  the  downwash  at  the  wing  is  increased.  Correspondingly  the  canard  lift  is 
slightly  increased  and  the  wing  lift  is  decreased  for  low  canard  positiona.  Although  the  total  lift  re¬ 
mains  fairly  constant,  a  certain  shift  of  lift  towards  the  canard  is  present  and  tlierefore  the  additional 
nose-up  pitching  moment  as  well  as  the  nonlinearity  of  the  pitching  moDient  curve  are  largest  for  low  ca¬ 
nard  iocationu . 

3.4  Variation  of  canard's  setting  angle  at  mid  canard  position 

Fig.  13  shows  the  result  of  the  three-coaponent  measuremt^nts  with  variation  of  the  canard's  setting 
angle  c.  Forward  and  vertical  position  of  the  canard  are  the  same  as  for  the  normal  configuration.  In  the 
angle  of  attack  range  a  <  a  (c  }  only  little  influence  of  the  setting  angle  £  on  the  lift  coefficients 
is  present .  This  la  due  to  the  of  the  canard  wake  un  the  wing.  With  increasing  setting  angle  £  more 
lift  Is  produced  at  the  canard.  The  consequence  la  a  stronger  downwash  at  the  wing.  Thus  the  effective 
angle  of  attack  of  the  wing  is  even  tore  rudut-ed  and  the  loss  of  lift  on  the  wing  becomes  larger.  This 
mQuiis  for*  the  overall  configuration  that  the  gain  of  lift,  which  is  produced  at  the  canard  with  increasing 
satting  angle  t,  is  almost  completely  compensated  by  the  loss  of  lilt  at  the  wing  through  the  reduction  of 
tha  effective  angle  of  attack.  With  increasing  setting  angle  c  of  the  canard  larger  nose-up  pitching  mo¬ 
ments  occur  at  constant  angle  of  attack  and  it  is  the  shift  of  lift  from  the  wing  to  the  canard  which 


Fig,  14:  Upper  tiuifticr  presaure  distribution  at  a  "  8.7"',  He  '  1.4  ■  10  ,  ii  ”  0  (mid)  ,  H  “  0.05  (mid)  , 
fcjr  different  canard  netting  angles  t-  a)  t  »  -12®,  b)  c  ®  +12®.  For  r  0®  are  Fig.  3.  TV 
Canard  vortex,  wv  Wing  vorter 
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The  upper  surfdce  pressure  distribution  at  a  «•  8.7"  is  she  n  in  Fi^.  14  for  two  different  setting 
angles.  At  c  =  -12"  no  vortex  formation  takes  place  on  the  upper  surface  of  the  canard.  The  canard-jjiduced 
downwash  at  the  wing  is  small  and  the  formation  of  a  wing  leading-edge  vortex  starts  close  to  the  apex  of 
the  wing  as  indicated  In  Fig.  I4a.  The  results  for  t  ^  0"  may  be  taken  from  Fig.  3,  The  corresponding 
flowfield  conslata  of  a  canard  vortex  system  and  a  wing  vortex  system  ac  presented  in  Fig.  S  and  sketched 
schematically  in  Fig.  6.  In  this  ceae  the  canard  vortices  are  located  far  Inbcard  and  so  Vilgh  above  the 
wing,  that  its  upper  surface  pressure  distribution  is  virtually  not  effected  by  these  vortices.  The  re¬ 
sults  for  c  -  +12"  according  to  Fig.  14b  indicate  a  strong  canard  vortex  system.  Above  the  wing  this  vor¬ 
tex  syateoi  is  still  separate  from  the  wing  vc-tex  svAtem,  but  the  canard  vortex  is  located  more  outboaL'd 
and  clooer  to  the  wing  surface.  The  traje  of  the  canard  vortex  on  the  wing  as  marked  in  Fig.  14  has  been 
located  by  the  Increased  suction  marked  in  the  pressure  distribution.  Although  the  two  vortox  systems  are 
still  separate,  a  tendency  towards  merging  due  to  mutual  induced  velocities  is  clearly  indicated. 

The  upper  surface  pressure  distribution  at  a  much  larger  angle  of  attack  u  ^  29.0"  is  shown  in  Fig.  15 
for  two  different  setting  angles.  At  c  »  -12“,  Fig.  I5a,  the  effective  angle  of  attack  at  the  wing  is  much 
larger  than  at  the  canard.  Two  vortex  systems  are  produced  at  the  configuration  which  remain  separate 
'dx>ve  the  wing  since  tl  :  canard's  traillng-edge  is  located  well  above  the  wing  surface  and  no  indications 
of  the  presence  of  tlie  canard  vortices  are  found  In  the  wing  pressure  distribution.  Some  results  fur  r.  » 
0°  may  be  taken  frexn  Fig.  12,  In  this  case  the  wing  vortices  are  cle.arly  marked  by  the  suction  peaks  close 
to  the  wing  leading-edge  and  some  additional  suction  in  th«*  inner  portion  of  the  wing  indicates  the  pre¬ 
sence  of  the  separate  canard  vortex  system  above  Uie  wing.  Th.-  results  for  c  *  +-12"  according  to  Fig.  15b 
show  a  strong  vortex  formed  at  the  canard.  Since  its  trailln<i-edge  is  located  well  below  the  wing  surface 
this  canard  vortex  passes  downstream  above  the  wing  leading-edge  at  a  low  vertical  distance.  In  the  front 
part  of  the  win-,  the  auction  due  to  the  canard  vortex  as  w«*ll  as  due  to  Uio  wing  vortex  is  distinctly 
marked,  but  further  downstream  the  two  vortex  systeme  merge  and  separate  euction  contributions  can  no 
longer  be  identified.  The  pressure  distributions  In  Fig.  iSb  indicate  that  for  large  setting  angles  c  and 
at  high  angles  oi  ottack  a  the  vortex  systems  above  the  upper  surface,  of  the  configuration  undergo  a  merg¬ 
ing  process  which  endB  up  with  a  aingle.  vortex  on  each  side  at  the  trailing-edge  of  the  wing. 


Fig,  lb;  Upper  Buriace.  pressure  disl ribution  at  a  29,0®,  Re  «  1.4  •  10  ,  H  '  0  (mid),  H  »■  O.Ub  (mid), 
tor  different  canard  sel ‘ Iny  angles  r,  a)  c  ®  -12",  b)  r  "  +12".  CV  Canard  vortex,  HV  Wing  vor¬ 
tex,  MV  Merged  vortex. 

In  the  regiui)  o.t  maximum  lift  another  distinct  Influence  of  tho  canard  setting  angle  turns  out.  with 
increasing  setting  angle  y.  the  maximum  litt  coefficient  c  as  well  as  tiie  corresponding  angle  of  attack 

a  decrease,  see  Fig.  13.  This  effect  can  be  inteci^^ed  as  follows:  For  positive  setting  angles  c 

the  candl'd  has  a  larger  geometrical  angle  ot  attack  than  the  wing.  TUeri-for^  the  canard  reaches  i+e  maxi¬ 
mum  lift  coefficient  earlier  than  the  wing.  Vhien  this  happens  the  influence  of  aonn*  favourable  interfe¬ 
rence  effects  is  lost;  The  downwash  behind  the  canard  becomes  weaker  and  thcreiore  the  effective  angle  of 
attack  of  the  wing  litcreaues.  This  leads  to  a  stronger  vorticlty  shedding  particularly  in  the  front  part 
ui  tne  wing,  which  incioases  the  local  lift  there,  un  the  other  hand  thnse  stronger  vortices  break  down 
earlier  in  the  rear  part  of  the  wing  which  leads  to  a  loos  of  lift  for  the  ving  too.  The  whole  configu¬ 
ration  teaches  its  maximum  lift  coefficient  when  the  canard  reaches  its  maximum  litt  coefficient.  Hie  lo¬ 
cal  lift  gain  in  the  front  part  and  the  local  lift  loss  in  the  rear  part  of  the  winy  produce  an  additional 
»‘-'ee-up  pitching  moment  which  counteracts  the  nose-down  pitching  tendency  from  the  loss  of  lilt  ot  the 
mard.  Maximum  r'tching  moment  occurs  t.heiefore  at  «  >  a(c  ),  when  the  canard  effect  is  finally  the 

j  .  Unax 

domi noting  one. 


7-1.^ 


3.5  Variation  of  canard's  seltii^y  ungli;  at  low  canard  position 

Xhft  canard's  setting  angi'  was  ali>o  varied  for  high  Aitd  low  positionn  of  th<  canard.  For  higb  canard 
locations  the  vortex  systeois  of  the  canard  and  the  wing  were  always  separate  even  at  large  setting  angles 
c  and  high  angles  of  attack  i.  The  aorc^ynamlc  characteristics  w-»re  similar  to  those  of  the  nornal  config¬ 
uration  and  they  are  not  discussed  in  detail  subsequently. 

The  results  of  three-cosiponr Jit  tneasurementB  for  the  variation  of  the  setting  angle  e  in  che.  low  canard 
ponition  are  shown  in  Fig,  lb.  For  -1  its  +6*  tho  low  canard  configuration’s  behaviour  1b  oiciilar  to 
that  of  the  normal  configuration  as  d.  scusaed  already  in  Fig.  13.  For  the  large  setting  angle  c  «■  +12'“, 
however,  two  steep  jumps  in  the  pitching  moment  curve  can  be  cccognixed  at  o  =  19“  and  at  o  *  31”.  For  a.  < 
19'’  the  increase  of  no8e*'Up  pitching  moment  with  increasing  angle  of  attack  is  delayed  and  at  a  s  19“  the 
ordinary  and  expected  values  of  the  pitching  moment  are  suddenly  achieved.  On  the  otner  hand  at  a  «  il'^the 
ijfcond  jump  leads  to  considerable  lower  values  of  the  nose- up  pitching  moment. 


Details  of  the  flow  stractuie  may  be  de.t“cted  tioo*  tlie  pressure  dlstributionb  b1^uwj»  in  Fltj.  17  lor 
u  •  14. 5“  and  ditferent  canard's  setting  angles  c.  At  c  -  O'  ,  Fig.  I'/a,  the  canard  vortex  syutem  passen 
down’slream  above  the  wing  and  the  pressure  distributions  indicate  that  Ir  is  everywhere  separate  from  the 

wing  vortex  system.  At  constant,  angle  of  attack  the  strength  of  the  canard  vortices  Lncr»‘.>eeu  with  in- 

creasing  setting  angle  of  the  canard.  Since  the  canard’s  tiaJ itng-edge  moves  downwards  with  increasing 
setting  angle  l  the  canard  vortex  system  comes  closer  tlje  upper  ouilace  cf  the  wing  and  tlie  tendency 
towards  metging  with  tho  wing  vortex  By«te.m  increases.  At  »  -fo”  both  vortex  aysten.s  axe  still  sepuiate 

ab  indicated  by  the  {irrasure  dietributions  in  Fig.  i7b,  and  at  t  '  412“  lioth  vortex  sysiemn  merge  .u 

m.irked  iu  Fig.  I'/o  where  dlfterent  suction  contributions  can  no  longt^c  bo  .sep.irntetJ . 


Fig.  17;  Upper  ourtace  jireseure  distribution  at  a  »  14.5",  Ke  '  1 .4  •  10  ,  U 
{mid)  ,  for  dif^'erent  canard  setting  angles  c.  .i)  l  ■  0®,  b)  r  “  ♦&", 
♦ex,  WV  wing  vortex,  HV  Merged  vortex,  LV  Lower  tide  vortex. 


-0.04  (low) ,  K  -  0.05 
4.  -  Hl2“.  CV  Canard  vor- 
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Kor  t  “  +i.2®  the  canard  vortex  system  induces  a  large  downwash  in  the  front  part  ol  the  wing,  in  the 
present  situation  at  «  •>  14.5^  the  local  angle  of  attack  near  the  apo  of  the  winy  is  negative,  ibis  means 
that  in  the  front  part  of  the  wing  the  flow  around  its  leadlng-edqe  is  directed  from  the  upper  to  the 
lower  surface.  Correspondingly  a  leadlng-edgr  vortex  is  formed  in  this  region  on  the  lower  surface  oi  the 
wing  as  indicated  in  I'iy.  I7c,  and  this  vortex  nay  be  identified  from  the  flow  vieualiiiation  according  to 
I'ig.  la.  The  reversed  vortex  shedding  mechanism  can  easily  be  recognized:  The  tront  part  of  thi-  wing'o 


?-i5 

upp«r  surface!  Fig.  18a,  acte  as  a  "preBsure  side"  'Snd  the  rear  part  us  a  "uuctlon  side"  and  on  the  lover 
surface  the  situation  ic  vice  versa.  The  reversed  flow  field  In  the  vicinity  of  the  wing's  apex  leads  to  a 
substantial  upstream  influence  on  the  canard  flow  in  tlie  seiise  that  the.  high  pressures  on  the  upper  sur¬ 
face  of  the  wing  cause  vortex  breakdown  within  the  canard  vortex  system.  This  efie.ct.  ie  indicated  in  I’ig. 

1  ?c  by  the  low  and  ver/  flat  suction  distribution  in  the  rear  part  of  the  canard.  The  corrncpondiiig  reduc*- 
tlon  of  the  canard's  lift  loads  to  the  weaker  Increase  the  nose-up  pitching  noment  with  angle  of  attack 
for  a  i  19"  as  found  in  Fig.  16, 

With  increasing  angle  of  attack  the  vortex  formation  on  the  lower  surface  of  the  wing  decreases  and 
according  to  Fig.  19  it  dlssappears  at  an  angle  of  attack  of  a  c  19".  Thus,  at  this  angle  of  attack  the 
reversal  of  suction  and  pressure  in  the  vicinity  of  the  wing  apex  comes  to  an  end.  Hov,  near  tlie  canard's 
tralling-edge  favourable  wing-induced  pre&oure  gradients  appear  which  suddenly  shift  the  vortex  breakdown 
po-jitlon  in  the  canard  vortices  more  downstream.  This  effect  may  be  taken  from  the  canard's  pressure  di¬ 
stribution  at  a  ''  19.3®  shown  in  Fig.  ?0a  in  comparlsion  with  the  results  for  u  »  14. Fi®  in  Fig.  17c.  The 
sudden  reduction  of  vortex  breakdown  at  a  a  19®  leads  to  a  considerable  increase  of  suctioii  at  the  canard 
and  It  iti  this  effect  which  produces  again  large  ncse-up  pitching  moments  according  to  Fig.  16. 


Fin.  20}  Upper  surface  pressure  distribution  at  Ke  ■  1.4  •  10  ,  II  ^  -0.04  (low),  R  *  0,05  (mid),  l  •  +1^® 
for  different  angles  of  attack,  a)  u  «  10.3®,  b)  u  »•  20.0®,  c)  a  •  33.0®.  C‘V  Canard  vortex,  WV 
Wing  vortex,  MV  Merged  vortex. 


Fie««ure  distributions  at  very  large  angles  of  attack  are  shown  in  Figs.  2Ub  and  20c.  ihe  flow  struct¬ 
ure  at  u  “  29.0*  is  principally  the  same  as  for  a  «  10.3*  according  to  Fig.  20o.  At  larger  angles  of  at¬ 
tack  the  influence  of  the  wing  on  the  canard  flow  is  no  longer  capable  tv  prevent  the  uj)ytreaai  movement  of 
the  vortex  breakdown  position  within  the  canard  vorticen.  At  a  •  33.9®  vortex  breakdown  has  readied  the 
canard  apex.  The  vortical  flow  over  the  canard  has  completely  broken  down  and  a  deadwatrr  type  flow  with 
constant  pressure  on  the  upper  surface  is  present.  *j'he  wing  vortex  system  starts  again  at  t)ie  wing  a£^x 
and  vortex  breakdown  takes  place  w<'il  upstream  oi  the  trailing-edge.  The  sudden  breakdown  of  the  vortical 
flow  over  the  canard  causes  a  ste.ep  loss  of  lift  and  o  corresponding  additional  nose-down  pitching  moment, 
see  Fig.  16.  With  decreasing  6*»tting  angle  c  this  phenomenon  occurs  at  larger  angles  of  attack  and  there¬ 
fore  c  as  well  as  uic-  )  increase  with  decreasing  settimi  angle  c. 

Laiax  Lmax 


L'aiiaro  el  toctiveness  c  -  dc  /ut.  as 
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(unction  of  the  angle  of  attack. 
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fig.  21  shows  the  canard’s  effectiveness  with  respect  to  the  noae-up  pitching  moment  c  -  dc  /cJe  as  a 
function  of  the  angle  of  att^ick.  These  derivatives  have  been  evaluated  fiom  Fig.  16  by  8p?£iie  Interpolat¬ 
ion  through  the  measuring  points  for  three  different  setting  angles  l  at  constant  angle  of  attack  a. 
Three  curves  for  e  -  -6*,  0",  -‘■6“  turn  out.  For  low  angles  of  attack  an  effectiveness  of  c  ■  0.3  is 
achieved  and  for  large  angles  of  attack  the  effectiveness  still  Increases  due  to  the  favourable  effects  of 
the  wing  on  the  canard  vortex  system  by  which  vortex,  breakdown  is  delayed.  The  results  for  other  vertical 
Ircatiuns  lie  within  the  band  marked  in  the  figure.  For  larger  setting  anglesr  c  ■*  t  however,  steep 
jumps  in  the  canard's  effectiveness  take  place  at  a  x  19*  and  a  c  31*  due  to  the  changes  of  the  flow 
structure  mentioned  above.  At  a  •  19*'  a  considerable  Improveiivent  of  the  canard's  effectiveness  takes 
place,  but  at  o  =  31“  an  abrupt  Iocs  of  efficiency  occurn  for  this  cunflguratiun  which  is  unacceptable  for 
practical  flight  conditions. 

4.  CONCLUSIONS 

For  a  canard  configuration  with  an  A  ”  2.31  delta  wing  and  an  A  •  2.31  delta  canard  low  speed  wind- 
tunnel  tests  have  been  carried  out  for  various  longitudinal  and  vesical  canard  locations  and  different 
setting  angles.  Three-cumponent  and  x^reasure  distribution  measurements  as  well  as  flow  visualizations  by 
means  of  oilflow  patterns  have  been  {>erforined.  The  main  results  can  be  suocnarized  as  follows; 

1)  The  canard  Induces  at  the  wing  a  non-uniform  angle  of  attack  distributioii,  which  snpressPb  flow  sepa¬ 
ration  in  the  front  part  and  supports  vortex  shedding  Ir.  the  rear  part.  The  vortex  formation  on  the 
wing  is  thus  noii-conicul .  Due  to  the  dcwnwa.*jh  vortex  breakdown  is  delayed  within  the  wiijg  vortex  sy¬ 
stem. 

2)  The  wing  induces  at  the  canard  an  upwa&h  field  as  well  as  additional  longitudinal  vrluclties.  Thus  the 
canard's  lift  Is  increased  and  vortex  breakdown  is  considerably  delaved.  At  very  high  angles  of  attack, 
however,  these  favourable  effects  are  no  longer  nufflclent  to  prevent  tlie  ux>Btieiiin  movement  of  vortex 
breakdown  and  the  reduction  of  the  canard's  lift,  it  lb  this  mechanism  which  leads  to  the  maxlnuun  lilt 
coefficient  of  the  configuration. 

3)  The  basic  state  of  the  flow  around  the  configuration,  investigated  here,  conuistt:  of  two  separate  vor¬ 
tex  systems  produced  by  the  canard  and  by  the  wing.  With  Increasing  angle  oi  attack  there  exiit..  a  ten¬ 
dency  towards  merging  of  both  vortex  systems  above  the  wing. 

4)  With  increasing  longitudinal  distance  of  the  <~oiwiU  trom  the  wing  adcUtioiial  nuse-up  pituhiiiy  mouwiitb 
occur  which  depend  linearly  the  canard's  position. 

3)  'ihe  effects  of  the  canard's  vertical  position  on  the  aerodynamic  coe.tficieiits  .ir.d  flow  structure  are 
relatively  auiali  apart  from  the  fact  that  the  tendency  towards  merging  oi  the  two  vortex  bystems  in¬ 
creases  for  lowering  the  canard's  veitlcal  position. 

6}  With  increasing  setting  angle  the  nuse-up  pitching  rvunents  are  enlarged.  The  corresix^nding  effects  on 
the  lift  coefficient  are  relatively  emaAl,  but  the  i-iaximuin  lilt  coefficient  reduces  considerably  with 
increasing  setting  angle  due  to  earlier  vortex  break.lown  in  the  canard  vortex  system.  For  large  setting 
angles  and  high  angle.s  of  attack  the  canard  vortlce;,  and  the  wing  vortlceo  merge  above  tne  wing. 

7)  For  low  canard  positions  and  large  setting  angles  at  low  angles  of  attack  flow  separation  takes  place 
In  the  front  pact  of  the  lower  side  of  the  wing.  This  leads  to  increased  vortex  breakdown  in  the  canard 
vortices  and  to  reduced  nose-up  pitching  otoments.  At  a  certain  angle  of  attack  these  phenomena  suddenly 
dissappesr  which  causes  a  strep  increase  of  nose-up  pitching  moment.  LMii-  to  the  large  setting  angle  the 
increased  vortex  breakdown  at  high  angles  of  attack  finally  leads  to  a  complete  breakdown  of  vortical 
flow  at  the  canard.  Correspondingly  abrupt  reductions  of  lift  atid  nose-up  pitching  moment  coefficients 
occur. 
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On  a  close  coupled  canard  con£ iyurat ion  there  are  «tronq  aerodynamic  interactions 
between  the  lorebody,  foreplanes  and  wings  which  are  likely  to  affect  both  the 
longitudinal  characteristics  and  the  lateral/diroctional  stability  of  the  aircraft, 
especially  at  high  angle-ot-attack.  The  nature  and  strength  of  these  interactions  is 
likely  to  depend  on  the  planform  and  deflection  «'I  the  forepianos. 

Tests  were  made  to  investigate  these  effects  on  the  RAE  H1RM2  model  in  the 
4m  X  2.7m  Low  Speed  Wind  Tunnel.  The  model  was  tested  with  Lra|)e-zoidai  and  gcjthict 
foreplanes  on  a  static-  force  balance  and  on  a  lateral  oscillatory  rig. 

Effects  on  lift  and  pitching  moment  were  similar  for  the  different  types  of 
fureplane.  There  were  significant  effects  on  lateral  and  directional  stability  due  to 
toreplone  and  lotuplane  deflection. 

LIST  OF  SYMBOLS 


&  aerodynamic  mean  chord 
C  rolling  moment  coefficient,  L/JpV  Sb 
Cj  lift  cout  L i c i en t 

pitching  moment  coefficient 
Cjj  yawing  moment  coetlicient,  N/ipV  Sb 
Cy  sidotorce  coefficient,  Y/JpV  s 

p  rate  of  col  1 
c  rate  jL  yaw 
S  reference  wing  atea 
V  free  stream  velocity 

u  acigle  of  attack 
B  angle  of  sideslip 

<5j.  toreplane  deflectioi*  (gothic) 

6.J.  loreplanc  deflect  ion  { l  •  apez<»i<lal  ) 
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INTKUDUC'i’lON 


Tho  canoriJ  joh  t  i  guLM  t  i  on  ban  become  popular  in  the  dositjii  <>f  advanciKl  comba*. 
dircratL  Giiice  thcru  can  be  n  icjtu  t‘ i  canb  aut  lulynami  c  aclvantaQos  L  rom  auch  a  layout'’"  . 
For  a  close  coupled  canara  tlioie  is  a  strc'ng  aorodynamLc  intoracl  ion  between  (In- 
tureplane  and  the  wing  whi«.:h  attects  luit  only  the  longitudinal  characteristics  hut  may 
also  intluunci'  the  lateral  an<l  directional  stability  ot  the  aircratt#  cspiicially  al 
high  ang le-ol -at t ack .  Interaction  between  the  flow  around  the  forebody  atid  the 
loreplane  may  also  tiavc  a  significant  effect.  Both  these  eriecLs  arc  likc?ly  »r» 
dspentl  ori  the  plantotm  anil  detlection  oL  the  loreplane.  Results  1 1  om  previeju.^j  ti:sts' 
on  a  model  with  a  trapezoidal  foreplano  t>f  ^0  leading  edge  swoop  showed  siijni  L  ieanl. 
nun-1 i near i 1 1 OS  in  the  variation  of  pitching  moment  with  ami le-ot-at t ack .  It  was 
Lliought  possible  tliat  slender  gorhic  foreplanes  with  sharp  leadimi  oflges  ii«.»y 
elimit^ato  these  non- 1 L  near  i  L  i  gs  without  aijversely  aftecting  otiier  ae»'odynaini  c 
advantages  ot  the  coni  igiiration. 

This  paper  presents  results  from  low-speed  wind-tunnel  tests  on  an  agile 
tighter-type  delta  canard  model  to  assess  the  effects  on  Inog 1 1  ml  i na 1  and  lateral 
cliaracteribtics  of  (a)  the  presence  of  torcplanea  of  trapezoidal  and  gothic  planLijrm 
and  vb)  Coruplane  detlection.  Static  forces  were  measured  on  a  conventional  .strain 
gauge  balance  and  lateral  aerodynamic  derivatives  on  an  o!;c i  1  I atory  Ijalanc.-u. 

2  DLSCHfi’TION  OV  MOUbL 

A  general  arrangement  «5t  the  second  UAtl  High  Incidence  Uosoaich  Model  (HIRM  2)  is 
shown  in  Fig  1  and  principal  dimensions  are  given  in  Table  1.  The  ct>n£  igurat ion  is 
typical  of  a  de  1  ta-cniiaivl  aviili'  with  a  wlnv:  l«-.'nlni|^  swe.-p  f.V  SH'.  II  Ii.ms 

Ijeon  the  subiert  of  a  r<!sparch  pianjiamme  .d  RAK .  inclmling  «'xl  I'nnivn  wind-lunn"!  and 
tree  flight  model  testing**. 

The  Lustflagu  ul  the  model  is  of  recLaiiyular  cross  suction  whicli  transitions  to  a 
circular  auction  forward  ot  tiic  foropLane:i.  11  consi.sLs  of  a  lubnlai  steel  core, 
incorput at  1 nu  the  strain  gauge  balance  huuning,  onto  which  ia  built  a  ijlasn 
t oi nf urced-p las t ic  shell  to  lorm  the  fusolaye  shape.  The  boro  in  the  steel  com*  in 
increased  towards  tlie  tail  ot  the  model  to  all(»w  enough  cleatance  lor  .sma  M  amplitude 
pitch  and  yaw  oHCi  1  lat  Lons  (up  to  *2*’).  a  motoi  .  gcMifiox  and  u  i  sp  I  aci-unent  transducer 
are  built  onto  thu  forward  end  of  Lliu  core  lor  lumol.e  control  oi  tht*  foreplancs  which 
can  be  dutlcctud  tluough  the  range:  +10*  to  -40*.  I’hc  loicplancc  and/or  fin  can  l>c 
removed  and  ivplaced  by  blanks.  Wings,  foreploncs  and  Mn  -ale  JUvide  t  rum  aluminium 
alloy  und  the  total  model  iiia-'in  In  approximately  70  k»). 

During  proviou.s  tests^',  winy  lenccs  and  rear  tiiselagc  sliakcs  wcie  litlevl  wliet: 
the  bd.sit;  cunl  i  gu  rat  i  on  was  found  to  sul((*t  a  loss  in  direciional  stability  a! 
moderate  any  1 u-oL -at I uck , 

PlanttU'ins  of  the  loruplanos  aic  shown  in  Fig  1.  Tiape/oidal  ftni.'pl-nics  Inivu  a 
syinnutrix-al  thin  aoiotoll  ct  oaa-secL  ii>n  hut  (pithic  Lotuplaotts  are  tlat  pl«»U*  sect  iotib 
with  bliuip  lua<liny  and  trailing  cMhjcs,  ^lothic  foreg)l.an«‘S  are  fl,»*2  k  area  ot 
trapezoidal  I  or up  lanes. 

i  DliliCUIFTlON  OK  I'LliTlj 

3.  I  Static  tests 

The  tents  weie  iiiaile  in  Ihu  4m  X  2.7in  Low  l>pre0,  A>  inosphei  ic  Wintl  I'umu'l  til  RAF 
Bcdtuld  at  a  wiiul  Speud  ol  00  m/s.  Keynolils  tiumlict  ba?.cd  c*n  c  was  2.)  X  I  U*‘  atid  all 
teats  were  made  witli  tMuiuiliun  tree.  The  i(»otlc*l  was  st  ing  mounted  on  a  s  i  x-eompoiieri  I 
strain  gauge  balance.  Test:;  made  were  as  f«>llow:.: 

(  a  1  l.ony  i  tutli  rial 

or  ■*  o’  tt)  JO*  in  2’  stupe,  H  -•  U* 

(L)  Tiapuzoidal  Loi  et>}  .ines  tV|.  ‘  lU,  0,  -lO,  -20,  -41) 

(ii)  (iothic  lurepUines  A*.  =  10,  0,  10 

(ill)  I'or  up  I  tiiiu-s  ')l  ( 

(b)  l.atera) 

2  =  R  lo  th  in  4  H  a  —ID*  Mj  Vln*  ,|l 

(l)  Tiapuzniihi]  I  urupl  .w»e:;  =  10*,  u’  ,  -111* 

fill  li  i  c  (or  t.j)  lanes  ■'  10*  ,  0*  ,  - 1 O* 

(  i  i  i  )  Forup  I  ane;;  oi  I 


Lnlui  dl  use  1 J  I vjt  <5ry 

Those  tests  were  dhiu  matle  ia  tht*  4in  x  2,7m  Wind  Tiitiiu*!.  The  iitnj  1  o-i>f  M  i --u' k  tvihiS' 
was  0*  It)  JU*  with  0  -  O'  omJ  wiiuJ  speed  w  is  jcjain  60  ra/s,  A  desori  pt  itwi  n{  the  liij 

.mU  cjlibiatiun  pitjoeduies  is  given  in  R€?t 

The  test  prueeilu/e  was  ti)  oXeito  oscillations  in  ont?  <»f  the  Ifiii.'o  1  iter.il  moiles 
an<l  take  ilatu  at  eael]  atn]  ]  e-oi -•!  1 1  <iLk  throughout  the  lest  tarigt-,  Th»'  modi*  was  lliet- 
ehanged  jiid  the  [)it)eeiliii  e  ^epeateii.  The  liiit'c  imnios  approx  i  mat  i*<l  lo  yiiw,  sidesli[)  atni 
roll.  Tests  were  made  t  orep  I  anor.-ot  f  and  with  I  rapezo  i  li.i  I  ami  (jothie  I  «)i  epl  .tnis 
at  *  U)  ,  0  ami  10  . 

4  KikSULTy  AND  D I  Lh  USli  I  liiN 

All  results  ai  e  ii'lertyd  to  a  Moment  Ueleienee  t'eiil  r  e  (MKC)  at  «.}7  c. 

Del  ivalive:  ate  tlOlliunJ  in  the  t.ist  of  Synihols. 

•1.1  Lnugitudinal  stitie  result;, 

4,1,1  111  I  ect s  on  lilt 

till  ehai  actor  isl  ies  lui  the  model  with  1 1  aptv.oitla  1  and  <|oihie  loteplanes  on  .il 
Zero  delli’elion  (Hj  fi,j  -  0  )  ,ire  wilh  I  oi  ep  I  aiies-of  I  in  Klg  2.  Tlie 

ineicment  m  lit!  uue  to  I  oi  «>p  1  .uu^s  iuereainss  steadily  1 1  oio  u  ■  10  uni  il  '’j,,.  • 

whieli  js  appi  ox  iiiial  ely  20%  ijfi-ater  willi  t  oi  epi  oii.  Trapezoidal  lotepl  im’s’o'iv'i'  .i 

small  {1.'^)%)  uicreintMil  ahovu  that  f gothic  1  oi  oi’ I  tines.  Wilh  I  «it  ep  I  anes-nf  f  c 

,  I.'II.IX 

IS  reached  at  q  30  liut  w  i  Mi  I  ot  eplaoes-cjn  (*.  is  .it  «  "  iS*  .  Kfleids  i>[ 

IniMX 

loteplaiie  d  e  L  1  i-ct  i  ( m  aie  i.hoWn  in  i-’igs  1  and  4  lor  i.  r  .ipe/i  t  id.)  1  ami  iioMii-*  ti>iepiane;; 
i  e  npeci  i  vel  y  .  Toi  t  i  ,ip»'zn  i  da  I  I  i  ir  i.'p  1  anes  Miei  e  i:-  little  td  I  »*el  on  gi.nlieid  tm 
ilet  Lee!  ions  «S  '  O'  .  -10*  ,  .mil  --2C*  l)ut  some  i  ediiel  ion  lot  ^  lO’  .  Kni 

=  -10  Lhei  e  is  .}  iii.iikeil  i  eihu.d  inn  in  giadieid  .itid  a  cln  i  istieul  in  r  el 

'  ^  t  iiinv 

appi  ox  I  mate  1  y  I'l*  eompared  with  the  m.iximnin  liM  toi  ^  0*  .  ihi'  liiglu*;:!  value  d 

<‘l  IS  achieved  when  (S_^  -2U'  ,  Witii  gothic  I  m  epl.incs  also  tliei.-  m  n,, 

s  ign  1  1  1  L.',)ni  vdii.sg  ot  dctleeti«-.n  until  neat  (*  (l-‘ig  4), 

I  -lll-SX 

It  IS  ap[s)ierd  t  h^d  ,  nii  this  closi*  c*»uple*l  coni  igii  t  at  t  on  at  hjrjh  .inglc-i  i-aliact, 

1  hei  e  IS  max  i  Ilium  heneiicuil  inter. lel  ion  betwe/n  loiepl.uie  anil  wing  f  U»w;;  when  I  he 
t'Oepl.Hie  IS  liel  at  apiit  ox  i  mate  I  y  -20*,  and  loiepl.me  pianloiiii  h.i«;  little  el  t  i'«.d  , 

4.  1.2  Kl  (ecLs  on  I'ilehing  moini*nL 

I’ilcliing  rumient  ••ha  t  .tel  ei  i  s  i  t  i  es  lot  o"  .md  t  m  ep  1  ane--.  -  .>|  |  ai" 

mniipaied  in  Ki«}  .  WiUi  t  >  a  ep  UuK*s--on  the  ii'odel  is  still  uiaiginatly  ,ip  In 

ri  20*  .itiiM  wltich  slahilil.y  tiecreases,  wlUi  iii.iikeilly  uir-tahli*  «l)a»  ad  ei  i  >1  i  a  .it 
high  am}  I  e;t  -  o  t  ••  a  l  lack.  With  i  ot  ep  I  anes-ot  t  si  .ih  i  I  '  y  is  ma  i  n  •  a  i  nei  I  u  |>  t  «  a  2h  *  , 

Thu  init  lal  uist.ihility  aliove  ’  |  <1  iiiii  n  i  shi*s  l«/  neiilial  at  n  dl*  .  Ai  low  .md 

ii.odur  al  iimj  I  e:i-«jl  -  It  Lack  «|oLhie  t  <  >1  i..p  I  anen  pmhahly  gtsno  at  e  l,;;s  *1 1 1  ed  (Ml  Ilian 
L  t  ape/o  i  «lii  1  l«aepLanes  and  this  Is  iidle<de«l  in  slightly  iimr .  .stahiliiy  tm  n' 

lip  Lo  (t  .  2(1  .  At  liitjliei  <inij  i  •  s -«)l  •.ilLaek  it  Is  likely  tliat  heceuse  «»»  s'lni'igio 

Vo  j  I.  ex  I  low  i  jve  i  tile  n  I  etulet  <}ot  h  i  •  ■  i « ire|J )  am*  im  >e  »•  noi  m.i  t  1 1  iM-n  is  t}ener  ,■  I  cd  I  i  n  wa  i  1 1 

ol  the  dKi’  and  Min  ir.odel  i  i;  then  slight  ly  l)‘S:»  st.ihle  as  shown  in  Kig  S.  TIum’  i , 
lu>W‘ '  ve  i  ,  I  i  I  t  I  e  tl  i  [  1  e  r  eiKe  in  the  I  i  iiea  t  i  i  y  « d  p  i  t  eh  i  ng  iii*  iinent  v.i  i  i  al  i  <  »n  with  ang  i  e 
ot-atlack  1(0  the  I  wo  types  ot  lojepl.iiie. 

i  I  t  cd  s  ol  lotepiiiiie  del  1  isd  » «in  on  piichiiii}  inoineiii  ai  e  shown  in  Figs  ()  .tnd  .  In 

'  ji’iK'i  a  I  ,  (ie  I  I  I’d  i  on  o  I  e  i  t  h  ei  type  “i  1  oi  ep  I  ane  has  only  m  i  not  ig  i  I'd  on  |  hi*  ■  ]  i  ad  i  en  I 

.nid  limsuily  ol  [litcluiig  murnent  ,  IkM  j  --  -40*  ,  hoy'evei  ,  slahMity  is  maiki’dly 

iiicinised  at  low  amjles-ol  attack.  In  ilii;;  «.ond)tioii  ||..w  eii  i  lie  luicplane  lowei 
suil,i;-«'  IS  likely  to  he  seisualed,  sn  Mie  giailienl  «>1  pitching  m••ment  is  simila'  lo 
1  oi'ep  1  aiies-oL  I  w  i  Ml  a  negative  i  iie»'omi*i)t  due  in  si  n.idy  <lownlc«.»d  Mom  |)ie"i)j!ire  on  |  In’ 
•ippel  I  t.re[)  I  .irn-  sultacn.  For  yS.r  .  *  0*  and  -lU'  Figs  h  .iml  7  •;liow  Ih.it  Mule  is 

I  i  1 1  1 1,‘  diMerenee  in  liiivaiLty  due  lo  toreplaiu*  |>laiiloiHi  lull  ''u  A  -  Ill*  (loMiic 

t  ot'ef)  1  ane;;  (jive  .i  iiior*-  linisu  v.iiLalion  ot  (litehiiig  moment. 

4,2  l..ileial  st.il  ic  result;. 


in  this  )iee(  uni  lesult.s  aie  pr  esenl  ed  I  i>r  the 
«idd  t.'p  .  These  were  oDtained  from  ihe  il.ipes  ot 

t  he  (•!  *  1  ang'.*  >  2  . 


Milatic'  del- i  val  i  ves , 

f  ,  {■  and  (T  vs 

II  '  y  £ 


over 


4,2,1  KMi.'cLs  on  t‘  .)iui  <' 

■Vn  '■i; 

A  eomp.ujson  «d  the  r,  iilid  oi  ci*  lieriv.jiive  Cy  f  or  ep  I  am!:,  on  ,»nvl  oil,  in  Fig  M.i 
'  .hows  Mail  the  ['  f  e:.  ciu’e  of  e  i  Mi  e  r  lot  ep  I  ane  a  I  zei  o  <h*t  I  ec  lion  s  i  gn  i  f  i  eord  I  y  i  edut.’  as 


the  inagnitucie  of  C  throughout  the  angle  of  attack  range.  The  corresponding 
^  8 

comparison  tor  C  (fig  9a)  is  moi  e  complicated:  at  low  to  moderate  angles  of 
attack  (  a  <  it»  )  ^  either  foreplane  reduces  directional  stability  from  the  near- 
constant  value  of  O.li  obtained  with  foreplane-off.  At  higher  angles  of  attack,  Cp 

.  8 
is  reduced  and  becomes  zero  near  a  =  iO  ,  foreplanes  on  or  off.  The  trapezcjidal 
f.oreplano  makes  little  difference  to  the  level  of  C,^  ,  go  adding  this  toreplan: 

moves  the  lator'.ul  centre  of  pressure  further  aft.  However,  tlm  level  of  for 

gothic  foreplane  continues  to  be  reduced,  with  near-zero  value  a*-  a  ^  ,  and  pccovery 

only  at  or  =  28 

Deflection  of  the  foreplanes  has  marked  nonlinear  effects  on  both  c,,  and  C 

.  ^8  ''8 

as  shown  in  I'ig  8b&c,  Fig  9bfcc  respectively.  Negative  deflectior;  (10  LE  dewn) 
causes  a  larger  magnitude  Cy  ,  but  more  negative  c,j  ,  compared  with  positive 

deflection.  C*  becomes  negative  as  a  increase  through  24*  and  21  for 

trapezoniaJ  and  gothic  foreplanes  respectively.  It  is  possible  that  negative 
deilection  induces  larger  areas  of  streamlined  Mow  over  the  nose,  enhancing  the 
dittorential  sidetorce  on  the  forebody.  Positive  doflocti«ni  causes  the  level  of  (* 


to  be  maintained  up  to 
4.2.2  L  f  f ects  on 


but  then  reduction  tjccnrs  more  quickly. 


lUa  shows  that  «jt  all  anglos-oC-attack  tested 


is  more  negative,  ie  laoie 


stable,  with  forepianos-on,  indicating  that  foreplane-induced  effects  increase 
clitlcrencidl  lilt  on  the  wings  <luring  sideslip.  There  is  a  loss  in  stability  fur 


but  with  Eorepl anes-on  t’ 


becomes  zero  at  an  angl  e-of  -  at  tack  abf>ut  0 


higher  than  with  f  orep  1  anes-of  f .  Differences  <Juv  to  loreplane  type  are  i  ns  ign  i  f  i  (jant . 

As  shown  in  Fig  iUb&c,  change  in  deflection  «>(  eiDier  type  ol  toreplatie  J  rt.'m  -10* 
to  Id*  causes  a  significant  (20%  to  10%)  increase  in  the  inagnitutle  of  Lt>r 

a  <  25  .  This  rosiilt  indicates  that  a  positive  foreplanu  deflection  generates 
yi  eater  diflerentiai  litt  on  the  wings. 

4.3  tatvral  oscillatory  re.sults 

4.3.1  Elfects  on  dynamic  measurement.s  ot  t*  ,  and  Cf, 

^8  tt  B 

Ue.sults  from  oscillatory  tests  include  the  :iO-c<ille^l  'sLiftnu.ss'  derivativv.s 
c:,.  ,  and  Co  which  arc  sliowr.  in  Figs  11,  12  and  13,  The  lesults  in  Figs  11 

■''e  'b  b 

and  12  may  be  compared  with  rho  stni  ic  measurements  ot  and  C  in  Figs  8 

and  9.  Osciliatury  tests  were  made  at  smaller  intervals  of  any le-of-attack  than 
corresponding  static  lateral  tests  and  the  results  show  more  variation  with 
angle-of-attack.  Figs  lla  and  12a  show  that  with  f oreplanes-of £ ,  tor  a  <  13*  ,  C 


increa.ses  in  mayiutude  ’hile 


is  fairly  constant  but  for 


large  variations  in  both  quantities,  with  toreplanes-on  the  variation 


similar  but 


displaced  in  a  negative  direction  for  C’u  ,  and  a  positive  direction  lor  (.*„ 

The  signs  of  the  changes  in  Cy^  and  C,,^  are  such  as  to  suggest  that  the  proboble 
cause  in  a  temporary  loss  of  fin  effectiveness  due  t('  wako  effects.  Results  from 


previous  tests 


on  the  basic  model  showed  similar  excursions  in 


which  reached 


large  negative  values  and  prompted  the  fitting  of  wing  fences  and  rear  luselage 
strakus  which  reduced  the  losses  to  a  level  acceptable  tor  free-f light  tests.  A 
comparison  of  static  and  oscillatory  results  in  Figs  9a  and  12a  shows  tliat  at 
niodernLe  .angle  of  attack  from  static  tests  is  about  20%  larger,  a  .  vault  which 

has  been  consistentlv  obtaineil  in  tests  on  other  models^'' ^  and  asci  ibed  t.o  lag  effect  s 
j.n  oscillatory  tests. 


Ditterencos  in  C  and  C  due  to  foreplano  deflection  lollow  similar  fronds 

•^8  "b 

to  results  1  rom  static  tests,  but  the  'vJr»>p  out'  in  directional  stability  at  a  14 
does  not  occur  when  6,^.  “  ~  ♦ 


Roiling  moriicnt  due  to  siileslip  (Fig  13)  is  similar  to  »he  static  result  {Fig  10) 
but  tor  a  >  20*  oscillatory  results  are  more  negative.  Here  again  the  differences 
may  he-  tiue  to  lag  effect.s. 

At  all  angles-ot-otlack  below  3U '  there  is  .i  consistent  neg.bivi*  increment  in 
t’  when  llic  toteplunos  arc  deflected  i  » om  -10*  L(5  10*,  ai>  is  the  case  for  static 
results  in  Fig  lt)b<«c. 


4.3.2  Et'fecta  on  derivat  ives  due  to  rate  of.  yaw 


The  yaw  damping  derivative,  C_,  -  C_.  cos  a  (rig  Ha)  remains  negative 

rip  Up 

{positive  damping)  for  all  ungloa-of-attack  tested,  both  with  and  without  forcplanes, 
but  there  is  considerable  variation  with  angle  of  attack.  There  is,  however,  less 
variation  with  gothic  foreplanes,  for  15’<  a  <  25'  .  During  the  tests  it  was  found 
that  with  f oreplanes-of f ,  at  high  angle-of-attack ,  the  yawing  mode  was  very  unsteady. 
Accuracy  of  measurement  was  affected  and  may  explain  some  of  the  large  variation  in 
the  results  at  high  a  . 


As  shown  in  Figs  14b&c,  for  15  <  a  <  25  ,  negative  forepl.ine  deflection 

results  in  more  negative  values  of  cos  a  .  In  section  4.2.1  it  was 

stated  that  results  for  C  and  C  *  shown  in  Figs  8  and  9  suggested  that 

6 

regattve  torupiane  increased  the  destabilising  sideforce  on  the  nose  due  to  sideslip. 
Fig  15  shows  how  a  sidetorce  on  the  nose  can  have  a  destabilising  effect  on  Cj^  but 
a  stabilising  etfoct  on  cos  a  .  in  Fig  I5a  the  fuselage  is  in  a  steady 

positive  sideslip  with  the  same  value  of  p  at  the  nose  and  at  the  c  of  g.  The 
increment  in  sideforce  on  the  nose  tlue  to  negative  6  is  destabilising.  iti  Fig  15b 
tfie  fuselage  is  yawiriy  positively.  6  is  zero  at  the  c  of  g  but  since  the  ri*lativ«> 
wind  vector  is  curved  there  is  positive  sideslip  at  the  nose.  Thi.s  local  sideslip 
produces  a  side-force  opp03ii>g  the  yawing  motion  and  therefore  stabilising,  ie  more 
negative,  as  shown  in  Fig  14. 


Results  for  the  cross  derivative  C. 


,  vji.  i  vui. ,  cos  a  are  sfiown  in  Fig  16, 

Generally,  this  derivative  is  generated  by  difforential  lift  on  the  winfje  duo  to 
yawing  motion.  For  a  positive  rate  of  yaw  there  is  an  increment  of  lift  on  i.ho  port 
wing  and  a  decrement  on  the  starboard  wing  leading  to  a  positive  rolling  moment  which 

IS  proportional  to  lift  coefficient.  Results  (roin  the  present  tests  (Fitj  I6a)  show  a 
generdi  incre»TSC  with  ancjlc-of-attack.  There  arc  nonsignificant  effects  of  foreplanc 
at  low  and  moderate  ang  1  e.s-of-at tack  but  for  o  >  20  tho’o  is  considerable  variation 
in  the  measurements  with  Coreplanes  off. 

Fiy  16b&c  show  the  effects  of  foreplane  deflection  on  C.  -  C..  cos  a.  For 

0  <  25  there  is  an  increment  of  approximately  0.03  when  forepianos  aie  ilel lected 
from  lo'  to  -lU*.  Although  there  in  no  significant  increment  in  Lota)  lift  due  to 
forepiano  dotlecLion  at  low  any ie-of-attack  (Figs  J  and  4),  the  results  suggest  that 
thoru  iu  an  increase  in  Coreplane- i nducod  differential  lift  on  the  wings  for  a 
negative  Et.'replane  liof  1  t?rt  i  tifi. 

4.j,i  liltccts  on  deiivatives  tiue  lo  rate  of  roll 


As  shown  in  Fig  17a,  the  r.)Il  damping  derivative  .  sin  n  is  lairly 

ccMistant  with  any  I e-ot -at  tack  and  is  maintained  at  about  -0.24  uo  to  □  -  3U'  , 
Foiuplanejj  at  zem  Oetioction  have  no  signif  ica.nt  effect  ••n  ttii.s  derivative.  There 
LS  sfjme  vai  I  abi  i  i  ty ,  toreplanc.s  off,  at  higli  dug  1  ii-of -att  .k-R  but  this  may  t)e  duo  t«' 
measurement  inaccuracy . 

Koil  damping  derives  mainly  trom  »Ji  l  lui  enl  i.il  lift  on  the  wings  due  lo  i>i)sitive 
and  ntyativf’  increments  in  effective  atnj  le-of  -  attack  <.m  the  outer  winy  panels. 

Fig  i7b6C  show  an  inctcmunl  in  the  magnitinU.'  of  C,  ^  C.  .  sin  a  between  re;>ultH  for 

'^1. 


S<»,  a.s  fot 


t.liorc*  in  an  apparent  incm 


in  th'.’  induced  d  i  1 1  erent  I  al  wing  liti.  tor  negative  f«jreplane  deflection. 


I'iie  Cl  c;ss-Uer  ival  ive  tV.  +  C.  .  sin  a  is  shown  in  Kiij  1».  Up  to  n  ■  12* 

"n  “p  ‘ 

Fig  lOd  shows  ihar  the  dcrivalivi*  i  jicre.ises  negatively  from  neat  zero  lo  .tpprox  i  mat  e  I  y 
-0.16.  Al  liiyher  any  les-tjf -attack  there  is  iioin<'  scaLI(»r  in  tlu!  range  -0.4  to  0.1. 
There  is  no  cons  i  d  tent  _  el  1  eel  due  to  toi.T>lanes,  Fkj  I0b*»c  slmw  that  loteplane 
deflection  between  -10  and  10*  also  has  no  consistent  el  feet. 


4.4  tlttects  on  stability  paranielLM  C 

8  ( dyiniiii  f  (' ) 

The  possibility  of  directii>nal  tliveigencc  at  high  ang  1  es-of  •  at t ack  can  be 
examineil  by  means  of  the  parameter  which  is  ilefinod: 

’B(dyn‘ 

1 


where  and  are  the  moments  of  inertia  about  the  yaw  and  roll  axes  applicable 

Lo  llic  1 L  ee  lliijht  model  ol  the  HIKM  2  ennf  igurat  ion.  Negative  values  ot  this 
parameter  indicate  .su.'r-cnpt  i  b  i  1  i  ty  to  directional  divergence. 


Tho  ottoct  or;  toruplanes  (trapezoidal)  is  shown  in  Piq  19  for  static  ana 
oscillatory  test  data4  Fiq  19a  shows  that  using  static  data,  the  criterion  indicates 
that  foreplanes  delay  tho  onset  of  instability  from  a  211*  to  a  *.•<  33*  hut  Poi* 
oscillatory  test  data,  i'iy  19b,  there  Is  no  indication  of  a  negative  trend  fcr  either 
configuration  at  a  =  30*  .  Tho  reason  for  this  disagreement  is  primarily  due  to  the 
ditferenc©  in  the  static  and  oscillatory  measurements  of  C'  (Figs  10  and  13)  since 

4$ 

the  second  term  in  the  equotion  » or  is  much  larger  than  the  first  at  high 

angle-of- at tack .  In  the  static  tost  10)  C,  becomes  positive  but  in 

*■0 

oscillatory  iata  it  remains  substantially  negative  (Fig  13)» 

The  effects  of  foreplano  deflection  are  shown  in  Fig  20.  Here  again  C,. 

( dyn ) 

from  static  data  (Pig  20a)  indicates  instability  at  high  ang le-o£ -attack ,  for 
positive  and  negative  deflection  of  torcplancs,  but  there  is  no  indicatit)n  of 
instability,  up  to  cr  30  ,  with  oscillatory  data  (Pig  20b). 


The  derivative  Cg  is  mainly  a  function  of  the  flow  over  the  wings.  Thus  the 

*•  g 

difference  in  wing  flow  for  a  static  model  and  an  oscillating  model,  where  there  may 
be  substantial  modification  of  the  forces  on  the  wing  due  to  lag  effects,  could  be 
expected  to  cause  the  observed  differences  in  On  and  hence  C,, 

^8  ‘8(dyn) 


b  CONCLUSIONS 


Static  and  lateral  oscillatory  tests  have  been  made  vin  an  agile  fiyhter 
configuration  to  inv^istigate  tho  effects  of  cioso-cciuplotl  urapezoidci  and  gothic 
foroplanos.  Results  show  tho  following: 


(1)  Fotoplanea  of  either  plar^form  increase  lift  at  moderoto  and  high  anyle-of- 
nttack  and  optimum  noyutivc  tlef  lect  Lt>ns  may  be  chosen. 

(2)  As  compared  with  trapezoidal  foreplanes,  gothic  foreplancs  do  not  s  itjni  £  i  can  1. 1  y 
improve  the  linearity  or  gradient  of  tho  pitching  moment  characteristic  Cor 
moderate  negative  Uetloction. 

(i)  At  moderate  angle-ot  attack,  tiddition  ol  loroplanos  at  zero  or  nccjatlvu 

deflection  reduces  directi<jnai  stability  .  Yaw  damping,  howovc't  ,  is 

increased  undoi  those  conditions.  "B 


(4) 


Thu  derivative  C«  is 
and  positive  deflection 


more  negative  (iticroased 
incruasos  this  elCoct. 


stabi 1 itv) 


with  tote))  I  a  nos -on 


(b) 


Foroplanos  at  zero  del  lection  huvo  only 
sin  a  ,  C|i  -  Co  cos  a  and  C  +  C 
causes  aomo  cl\anges  in  levels.  '  ^ 


a  small 
sin  (t  , 


e(lo<:l  on  <lo».  I  vat  i  Ves  C»  +  C.. 
but  ♦Icriccliiu';  lIjo  loroplanos 


(b) 


As  in  previous  testr,  results  for  derivatives  C,, 

oscillatory  tests  are  not  in  agreement,  retloctiny 
conditions  in  the  two  types  of  test,  Tho  tendency 
indicated  by  tho  i  rameter  C,.  ,  is  greater 

,  ,  'p(<iyii) 

inure  appropriate. 


.jnd  Co  from  static  and 


the  difloi-enco  in  flow 
to  directional  divorgeiu.o, 
il  static  data  are  i  dot  od 


Tabic  i 

PRINCIPAL  DlMKNSiONS  OF  MODCL 


inni  Ol  mm 

Winy  area,  S  x  10  ^  0,5367 

Aerodynamic  moan  chord,  c  559,7 

Winy  span ,  b  H  I  1 . 1 

Foreplane  area  x  10  trapezoidal  0.U26B 

( <jdCh  surf  acc ) 

gothic  0.0220 

Foreplane  span  480.3 

Fin  area  x  10  0.0466 

Fin  height  above  horizontal  fuselage  datum  365.8 


Moment  rufurence  cenLn?  (MRC) 


0.17c 


re;fe:re;nces 
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Suifipiary 

This  paper  highlight.s  the  *‘csulLs  of  a  serlau  of  low  spoad  wind  tunnel  tests  coitductud  In  the  NASA 
Langley  Kcsearch  Center  (LallC)  12  Ft  Low  Speed  Wind  Tunnel  (LSVrr).  Tli«  main  objoctlves  of  the  tests 
were  to  provide  generalized  cuenponunt  integration  guidelines  and  tu  Investigate  a  variety  of  Innovative 
control  concepts  designed  to  improve  the  high  angle  of  attack  (AOA)  cont  loH.'ihll  tty  of  a  gcnerli:  cln.^.s 
of  supercruise  fighters. 
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1 . 0  Introduction 

Alrctaft  designed  for  piujected  combat  threat  perfotcance  will  retjulre  unprecedent  nd  liivels  of 
tranaonic  aianuuverabll ity  aa  well  as  sustained  superaonlc  cruise  capability.  Unconventiunal*  iiigh 
ilnencas  ratio  lorcbudios  and  iilghly  swept,  low  aspect  ratio  wings,  which  are  cliaractet  1st  ic  of  advanced 
supersonic  cruise  concepts,  are  conducive  to  t)ie  turmation  ot  complex,  noiil.tnear  flowfiolds  and  to 
degraded  higl)  AUA  stubllity.  In  addition,  conventional  aerodynamic  control  surlacov  lose  effect  Ivenuss 
at  high  angles  of  attack  rosultltiK  in  reduced  maneuverability  and  Iriadequatu  recovery  control.  Consc- 
rjuently,  new  design  and  analysin  methods  are  needed,  and  unconventional  control  concepts  need  to  he 
explored. 

Ifiider  a  cuupt^raLl ve  [jrogrojrt  hetweeii  the  HcUoiitiell  Aircralt  Company  (HCAIH)  and  the  NA.SA  LaKC  Kllglil 
Oyriajsic.s  branch  (FDD),  component  integration  was  Invnstlgalud  to  provide  geneiallzitd  design  guidelines 
tor  optlrauni  high  AOA  laloral -directional  stability  of  advanced  lighter  cunf Iguaat Ions.  In  addll  u 

variety  oi  innovative  control  concepta  designed  to  improve  lilgh  AOA  controllability  were  ovalualHd.  A 
uerles  of  wind  tuntiel  lasts  were  conducted  In  the  NASA  l-aKC  12  Et  l.SVn'.  A  /.bX  scale  NA.SA  model  ul  (ho 
generic  HCAIK  Supersuuic  Bees IsLancs  Fighter  (SSl‘K),  Illustrated  In  glgure  I,  was  useil  in  these  Inve.stl- 
gatlona.  The  basalLne  wing  has  a  05^  leading  edge  sweep  and  a  cranked,  U’‘/3b*’  sweep  trailing  edge. 

Tills  wing  was  selected  based  on  the  results  of  a  high  speed  wing  pUnforni  study  comluctou  In  t  lie  NASA 
LaKC  Unitary  Blan  Wind  Tunnel  using  a  scalo  bliPE  node!*  Heference  1. 

Included  In  the  high  npeed  investigation  were  25*  trapezoidal,  Ob*  delta,  and  7l)*/06''  and  /I)*/ iU'* 
cranked  wing  planlorms.  The  70*/66*  cranked  wing  plaiilorn  exhibited  ( lip  mtiat  lavorable  suporsonlc 

cruise  drag  characteristics.  Weight  estloMtea  and  sizing  analyses  ho*>ed  upon  a  superxonlcai  ly  biaMed 

mlssiun  also  identilled  the  7U*/60*  wing  aa  the  bust  design.  Por  these  reasons,  Uiv  crankovl 

wing  planiorm  was  selected  for  initial  low  speed  testing.  ITie  desire  to  reduce  sliuclmal  comploxlty 
without  compi-uminliig  aiaudyrotmlc  charactur Isi  Ics  led  to  the  design  of  the  ba.sellm*  wing  lllostratiMl  In 
I'igure  1. 

The  /.5X  .acalo  S.SPE  model  wa.a  designed  I"  be  highly  versatile  !»»  provltie  maxlmujii  cun!  Igurei  lun 
flexibility.  All  conventional  lifting  surfacus  (e.g.  wing,  canard,  horizontal  and  vortical  tails)  are 
composed  ut  flat  plates  with  beveled  Leading  and  ^railing  edges.  Static  lorce  and  ir.omont  ilat  a  were 

obtained  at  a  Mach  number  of  0.0b  (Re  ■  O.fiA  x  iO  )  for  angles  ol  attack  ranging  tiDiii  0"  tu  OU"  and 

sideslip  angle.s  between  t  30".  A  number  ol  tlie  control  cnricepls  Investigated  are  illnsl  rated  In  Figure 
2.  Soverai  of  the  mure  promising  cuncopts  have  been  seiected  lor  dBtailad  discussion,  butailiul 
analyses  ol  all  ol  the  concept.^  1  Jlu.st rated  nay  be  lourxi  In  Keforencos  2  through  A. 

Ill  addition  lu  the  concepts  shown  in  Klguiu  2,  i  wide  variety  nl  hush  ahapus  ware  tented  tu  deter¬ 
mine  their  effect  on  static  lateral -dl  rectional  .sl.il.lllty  ct  high  ungle.s  oi  attack  ,  Heierencun  2  and  i. 
The  baseline  nose,  lllustiatud  in  Figure  3,  Is  trianguiai  In  eios.s  section  noar  litu  upux  and  biuiuls  tv»  .a 
circular  cross  fioct  Ion  approximately  U  tnciieu  (model  scale)  alt  ot  Ihn  apex.  Tills  iioee  shape  provides  a 
considerable  reduction  In  aayiniieLrlc  yawing  moiimui  at.  high  angles  of  attack  compared  to  .i  convuntlonal 
circular  nose,  Keference  3. 


2 .  l)  Componant  Intogration 

Aircr.iit  componuiit  liit  egt  at  ion  uiii-i-ts  were  invest  Igal  ud  early  in  t  lie  jirngruxi.  in  .nldliiuti  to  t  lie 
baseline  Ob"  wing,  a  yO^/OO*  and  two  bb*  sweep  cranked  wings  were  evaluated.  Tiiu-su  wing  plaiiiotins  hiu 
compared  to  the  baseline  wing  In  Figure  A.  fine  of  llie  purposes  of  this  wing  paratoatrlc  .stiuly  was  to 
determine  the  effects  ot  leading  edge  sweep  and  aspect  rat.io  on  component  Integration  optimization. 

Olio  of  tile  more  algnli  leant  illscoveries  was  the  supericir  lateral -direct  iuiial  Nt.iblllty  ailnrded  by 
t.wln,  wing-nountod  vurLlcai  tails  as  coftipared  to  twin,  fuselage  niounted  or  slngle-cent  erliinj  tall.;, 
Figure  3.  Tiie  data  prosentod  in  Figure  b  were  ubtalnt'd  with  (he  70''/b0'’  cranked  wing  planform.  Ai 


m 


MBi 


i 


1(1-3 


lllustrato«di  moving  the  vurUical  tails  outboaL'd^greatly  increases  dlrai:tionaI  stability  (  n»)  at  high 
Hnglau  of  attack.  High  AOA  latoral  stability  (^A.)  Is  also  incraawed  by  moving  the  vertical  tails 
outboard  on  the  wing.  These  ImprovaiMnts  era  duetto  a  favorable  Interertion  butwi'un  tliw  vuri  leal  tallH 
and  tlia  strung  vortices  generated  at  the  wing  leading  edge. 

Figure  6  illustrates  ttia  effect  oi  vertical  tail  spanwisa  location  on  l-iterai-diractional  stability 
at  5*  and  30*  AOA  for  each  of  the  wing  plariforms  inveailgatad.  Inert* ..lental  liata  (tails  on  -  tails  off) 
are  presanted  to  isolate  the  effects  cif  the  vertical  tails  on  each  wing  planioro.  Note  that  the  data 
presented  in  Figure  6  have  bean  normalized  by  vertical  tall  voltuae  account  Yor  the 

differences  In  the  sizes  oi  the  tails  Investigated. 

At  low  angles  of  attack,  the  dlrrctianal  stahillly  provided  by  the  vertical  tails  is  fairly  lnsen~ 
sitive  to  vertical  tail  spanwisa  locatluni  The  increased  effectiveness  of  the  centerline  vertical  tail 
over  that  of  the  twin  fuselage  or  wing  mountud  tails  resulta  trom  the  and  plating  effect  of  the  fuselage 
and  Wing  trailing  edge  extension.  Usl\ig  the  method  deacribad  In  Kefereuca  5  to  account  for  thla  end 
plating  effect,  the  theoretical  low  AOA  directional  stability  of  tlie  ceiitetllne  vertical  tall  was 
deterulned  and  Is  illust.ratud  in  Figure  (i . 

The  vertical  tails  contribute  to  lateral  stability  in  varying  degraus,  dopending  on  apanwlse 
location,  for  each  of  tho  wing  planfoms  inveaclgated.  However,  the  variation  In  lateral  stability  as  a 
iunctloii  of  tall  location  Is  not  as  consistent  irum  planform  to  planfnrm  as  thn  variation  hi  directional 
stability  at  low  anglas  of  atlacki 

At  30'*  AUAi  placing  the  vertical  taii.s  inboard  tti  407  wing  semis)' m  degrades  both  leiural  and 
diroctlonel  stability-  Stated  aiiothor  way,  at  30“  AOA,  the  lateral-dlractlonaJ  ttabiiily  cljaracter- 
istics  of  the  cunf  igui  at  Ions  -studied  are  actually  mure  favorable  without  vertical  tails  than  with  lalls 
placed  Inboard  of  407  wing  aamlspan.  Latera I -dlrectloiiai  stablllly  Is  augmented  by  vertical  IaIIm 
located  outboard  of  4U7  wing  semlsiian,  with  the  optimum  IticaLiun  being  between  .S07  and  b()7.  Thuae 
resulta  are  Independent  of  the  wing  planforus  tested  end  are  due  to  the  luteractiun  oi  thw  vertical 
tails  with  the  wing  leading  edge  vortices. 

Tim  effects  of  vertical  tail  cant  angle  on  the  laLeral-tllrectlonal  stability  of  ( h«  baseline  winy 
configuration  aru  llAustraied  in  Figure  7.  The  data  praaented  were  obtained  fur  a  twin  vertical  leil 
rout  locatlun  of  ^07  oi  the  wing  saisiapan.  As  shown,  inboard  cant  reduces  both  lateral  and  dlrecliunal 
stability,  blmiiur  rosults  were  obtalnud  iut  the  forward  swept  tails  illustrated  in  Figure  2-  Tall 
awee))  wua  also  found  to  have  little  effect  on  the  overall  levela  oi  lateral -d i reel  Iona)  stabillly,  .'is 
ieporti'd  In  Keference  3. 

I<)  compuring  the  data  presented  in  Figure  7,  note  that  as  the  vertical  fails  are  cantud  in  cither 
dlract.lon,  the  sidewaid  |iru]ecLod  area  of  the  lalJs  Is  reduced.  11>eor«t  leal  ly,  the  planform  area 
requited  tu  Bulntulii  the  aanm  «tiec(.lveii«Hs  as  the  uiicanted  tails  tat  luw  angiHs  ui  attack)  Is  dij'er- 
mined  by  dividing  tliu  uncaiited  tali  area  by  the  aquate  of  ti^e  cosine  of  the  tail  cant  angle  (cos^i').  A 
detailed  derivation  rlarityliig  the  ai^pilcallun  of  Ihe  l/cos^l  teim  Is  provlilud  in  thn  Appendix.  'I'his 
tuna  has  been  applied  to  the  data  presented  in  Figure  b,  which  llluatreteb  the  efierta  of  vertical  tali 
cunt  angle  on  ialerai'dlrect Innal  alahiliiy  at  5*  and  30“  AOA  for  several  ot  the  wing  pianforms  tested. 
The  elfects  ot  vertical  tail  cant  ang.lu  on  lalural-dlrvct  tonal  .slabllily  wern  not.  invusi  igntinl  uri  1  hi' 
7U"/66"  cranked  wing. 

At  low  angles  of  attack  (u  •  S*),  vertical  tail  cant  angle  has  Utile  uffnet  on  direcLJunal  stabll 
(ty,  liowuvar,  (.iLural  stability  Increases  aa  the  tails  ere  canted  outboard  and  decreases  as  ibsy  are 
canted  inbourd.  At  high  angles  ot  attack  (u  •  30*),  the  vertical  tails  are  nore  uliuctlve  in  Iminoving 
but!)  lateral  and  ditectional  atubiiUy  ns  cant  angle  is  Increased.  As  with  tlm  effects  observed  by 
varying  vertical  tali  spanwisa  location,  the  cunt  angle  eifects  seen  at  .10*  AOA  rusuU  irom  Ihv 
Interaction  of  the  twin  vertical  tails  with  thu  winy  leading  edge  vortices,  In  general,  the  iBSgnltuilus 
oi  lataraJ -dlrecLiotiai  stability  geneiated  by  the  verLlcai  tails  at  30*  AOA  ere  greaiur  lor  the  bS* 

BWt'ep  wing  than  fur  elLhwr  ul  i  he  53*  sweep  wings.  3’hls  Is  allrlbutc'd  to  lb«  stronger  iesdlng  edge 
vortices  associated  with  Lite  65*  sweep  wing. 


3.0  C.onLrol  Concepts 

3.1  Filch  Control 

Structural  iiitegratlun  of  twin,  wLng-mu\iiited  vurtical  talie  will  probably  ruqulru  the  uae  ul  a  wing 
trailing  edge  ext.ension.  Incurpurur ion  ot  wucli  a  device  wuulO  etfeotlvely  ulinlnate  the  use  ot  a 
convuntiunal  liuriKoiitul  tail.  Pi’rh  control,  therefore,  would  liavr  lo  be  obtained  by  uthur  means. 

Flgute  d  compares  the  nose-dowii  pitch  contrul  provided  by  wing  trailing  edge  extunalon  flaps  to 
that  available  from  canard-ving  and  wing-’horliontaL  tail  conklgurstlons.  Cutiurally  speaking,  wtng 
trailtng  edge  nxlen.slun  flaps  are  as  effective  as  conventional  horizontal  tail  or  canard  surfaces  in 
generating  nose  down  pitch  control.  With  the  addition  ol  a  bouy  llap,  Die  nu&e  duwn  pHch  control 
available  from  the  wing  trailing  odge  extension  flaps  is  Improved  a'^ross  the  entire  AOA  range  invest! 
gatud,  as  Indicated  by  thv  shaded  region  In  Figure  9. 

3.2  Roll  Control 

Roll  control  for  highly  swept,  low  aspect  ratio  wings  can  be  seiluusly  degraded  at  high  angles  of 
attack  due  to  tlte  predominance  of  wing  spanwise  flow.  As  spanvlse  flow  devalops,  convent  lunal  ailerons 
having  aft  swapt  hingallnes  lose  effect Weiiass.  To  take  advantage  of  this  apanvlae  flow,  skewed  hinge- 
line,  deflectable  wing  Lips  (tlperons)  ware  developed  on  the  SSFK  as  high  Al3A  roll  control  devices. 
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Kl({ure  10  compares  tiie  roll  oonLrol  provldud  by  skewetl  hiiijteline  t  lpi>rons  to  that  provided  by 
conventional  ailerons.  Dolow  22**  AOA,  runvont  ional  ailerons  generattf  an  average  of  approx  imatol/  17.^ 
mire  roll  control  than  LlpumiiB.  However,  above  32*  A0A»  the  r«»ll  control  provided  by  the  tlperons  ia 
AS  much  au  four  that  provided  by  tlie  ailerons.  In  addition,  diflerant  iai  ly  deflected  tipeiune 

generate  very  little  adverse  yawing  mooeiit  at  Low  anglHS  uf  attack.  Above  approx imul  cly  ^•lO"  AOA,  the 
t  Iparono  generate  proverse  yawing  mooienL  which  is  beneficial  when  attempting  to  coordinate  a  stability 
axis  (se'u  sideslip  angle)  roll.  Conversely,  the  adverse  yawing  moment  generated  by  the  alLnrons  Is 
suhfltatitial  at  liigh  angles  uf  attack. 

Ill  figure  10,  note  that  deflecting  tlie  ailerons  In  ronbiratlon  with  the  tipurons  completely 
elitainates  the  pruverse  yawing  mo.iient  generated  by  the  tlperona  at  high  angles  uf  attack.  In  fact,  thu 
yawing  moioent  characterlat.lcs  of  the  combined  ailerohs  and  t  iperons  are  neatly  identical  to  those  of  Ihe 
ailerons-  These  results  suggest  that  through  proper  tailoring  of  control  aurfacn  geometry  and  location, 
it  may  be  poaaiblo  to  provide  Increasod  roil  control  at  high  anglns  of  attack  while  maintaining  provurae 
I'tvela  of  yawing  nuimnt  to  aid  In  roll  coordination. 

Une  Way  to  Lake  advantage  of  the  pruvur.aH  yaw  generatud  by  the  tiperoiis  at  high  angles  of  attack 
without  sacrli  icing  the  increased  roll  control  pruvldud  hy  rcMBbliiHd  ailerons  and  t  iperons  at  lowet 
angles  la  to  schedule  differential  ai  erori  deflection  with  AOA.  Hy  restricting  maxisiiun  difieiential 
aileron  deflection  as  shown  In  Figure  11a,  if  is  possible  to  achieve  the  roll/yaw  characterlsl ins 
llluatrated  in  Figure  Hb.  Above  40"  AOA,  the  ailerons  am  not  used  at  all  when  roll  Is  comnandud.  The 
roll  control  provided  by  thu  t  iperon:*  alone  at  these  aiiglea  uf  attack  Is  greater  *^han  that  provided  by 
conventional  ailerons  (Figure  10)  and  full  odvantagu  Is  ‘akeii  uf  the  proversn  yaw  a.ssoclaled  with  the 
t iperons • 

3. 3  Yaw  Contiol 

A  large  number  of  uticonvetitional  yaw  control  tlevlcew  were  Investigated  with  the  goal  of  substau' 
Hally  increasing  yaw  control  at  high  ariglea  uf  attack.  Convent  luiial  rudder  el  feci  ivunesa  l.s  laplJly 
degradud  as  angle  ot  attack  l.s  Increa-sed  and  the  atiglo  ol  (he  flowfleld  sutruunding  the  vertical  Leila 
approaches  that  of  the  rudder  hltigeliiu'.s.  In  addition,  the  atiluldlng  eliect  ol  the  wing  at  high  angles 
oi  attack  reduces  the  kinetic  energy  ni  the  vurl  leal  tali  flowtield,  further  reducing  yaw  cuiitrnl. 

Figure  12  illuat.rates  the  effect,  of  vertical  tail  cant  angie  on  conventional  rudder  el  tect.  Ivt'no.s.s. 
At  (noderate  to  high  jug.ins  ot  attack,  rudder  el  iert  Ivennas  increases  as  the  vertical  tallw  arc  canted 
inboard  ll>*.  Conversely,  eifectiveness  Is  reduced  considerably  as  the  tails  are  canted  outboard  1*1*. 

Alau  slvuwn  in  Figure  12  are  the  varlaLlons  in  tip  rudder  el  feet  Ivenasa  with  vartlcal  (all  caul  angle. 

Operating  on  the  samu  principle  as  the  llporon,  the  tip  vudder.s  w«>rH  dusigned  lo  take  advantage  ol  the 
spanwlse  flow  acting  on  the  swept  tails  •  47.7*)  at  high  angles  of  attack. 

Hefarrlng  to  tha  0*  verticAi  tail  cant  attgle  oata,  the  tip  rudder.s  begin  to  gain  hi  1  eel  1  veness  at 
appioximateiy  20"  AOA.  Tl)e  ci ted  1  veneas  ot  Lite  tip  rutlunra  Is  short  -lived,  tiowever,  and  bect>mas 

erratic  above  40*  AOA.  Contrary  to  the  trend  obs«rv«ui  with  the  convent  lonal  rudders,  (Ip  nuldei  hIIrc- 

tlvfneaa  Incfcases  as  ttio  tails  ere  canted  outboard  13*.  When  the  talln  are  canted  Inboard  l^",  tip 
rudders  ate  ineffective  across  tlie  entire  AOA  range  Investigated. 

Ounvent  Lunal  and  lip  ruddoia  wero  also  tt-'Sted  In  comblnat  tun.  With  no  vertical  tail  i  am  ,  cumUl.-icd 
rudders  improve  yaw  control  between  20*  and  4U*  AuA  compared  lo  .-.tin/entlonal  i«iddoi.*<  alone,  Kctcrcnce  4. 

liuwHVer,  simply  im'reasing  the  size  ot  the  convent  Iona'  iiiddero  to  uiatcli  the  coiifrol  voIu.'ih  oi  the 

combined  rudders  lesulled  .ip  larger  ltnprovotiH>iit.s . 

AU'muueablu  twin  vertical  lalle  were  elso  evaluated  tor  Llielt  ability  to  Improve  yaw  conirol  at 
high  angles  ol  attack.  The  reaults  are  preeenLed  in  Figure  I*!  Yaw  (ontrol  Is  Ini'tessed  stih.sl  ant  ial  ly, 
comparnd  to  conventional  rudders  (Figure  12),  at  low  anglee  of  attack,  ilowovei  ,  a  1 1 -mo^'ealilc  l.iil 
at  iect  iveneea  decays  rapidly  beUeen  11*  and  .''0"  AUA  belnru  ievallUig  oil  at  .viighlly  lens  ihon  halt  It.s 
Initial  value  (whicii  Is  atill  considerably  greater  than  Conventional  ruddor  et  led  i  venpas  in  this  AUA 

range).  FI  fectivennss  then  ducaye  further  ebove  it)"  in  40*,  depending  on  vertical  tall  cant  angle. 

Tills  two-slagc  decay  wa.s  also  oxhihUed,  (o  a  lessee  hxIhiiL,  by  Ihn  conventional  tedders,  FIgor,.  12. 

One  posslbie  explanation  lor  ttilx  phanonMnon  Is  that  Ihe  lull  lal  ledm-Moii  hi  i-onlro]  Huitacv  ellmlivi’' 
ness  Is  relaiud  lo  the  hlankelliig  t'ltect  at  thu  wing  and  I  lin  .eiihsei|ui  nt  reilui-Moii  (n  kinetic  <>nut)(y  in 
tlie  vertical  tail  tloviinld.  Thu  .stu  laces  rnlatn  some  el  tect  Itenc.s.',  dne  <o  I  he  Ini  hieiice  ol  t  ho  at  ron>, 
wing  leading  edge  vor(l>‘M<..  Whuii  those  viirt  Icen  hiiisi  (liolwoen  10"  .sinl  40”  AOA).  tin-  clteci  (vnm  .v.v  d 
the  vertical  tail  conitol  suriaces  la  roducud  tuidier.  Tlil.s  expleii.  I  I«mi  Im  purely  cun)rTtU''c  •tnil  iii’od-s 
to  bo  subwtant  iated  witn  additional  data  or  tltrough  flow  visual  lr.«l  ion. 

Vertical  tall  cant  has  a  substantial  efiect  on  ^)m  levolj<  ol  adverse  roll  generated  by  (lie 
all  moveable  varth'.il  tails  at  low  angles  ol  attack.  Below  lO"  AUA,  the  ailverso  roll  gmiarated  by  10" 

111  tall  dellectlun  la  nearly  three  t  lowa  as  large  with  13*  uul  liMard  tall  cant  as  with  IS”  Inboard  cant. 
Tile  Figure  13  datn  llluatrate  that  If  tail  cant  Is  used  to  augumnt  i-uiitrol  ei  lect  1  vennss ,  a  tradu-i>ll 
exl.sls  between  high  AOA  yaw  i:untrol  effect  lv«<i«ss  and  low  AOA  roll  dugiadatiun. 

Forcbody  crocs 'sset  le.i  significantly  tnt  lueiices  lircraft  aerodynamic  characlBrlst.ii-.e  at  high 

angles  of  attack,  Kefeience  2.  This  Is  eepeclelly  true  tor  high  fineness  ratio  torebodies,  character- 
laLlc  of  tighter  coni  igurat  Ions.  A  uniquo  appioacli  to  liii:reasliiK  yaw  control  ut  higb  .*111x105  uf  attack 
Is  the  Use  of  abynmet  r  ica  I  ly  doployiul  nuse  st  rakes  Iw  Inl  luenv  lornboJy  vortex  loinurt  Ion  and  downstroam 
trajectory-  This  ^-vnenpi  has  buen  nvaluated  ext  eiis  i  vn)  y  at  NA'>A  LaHC  on  a  number  ot  ill '^''.•rtiriT  i-onllg- 
ural  Ions,  Kefaiences  ft  through  V.  It  iiivclves  the  use  of  nose  si  rrikes  lo  establish  a  fixed  lucst  liui  lot 
forebody  flow  separnt  Ion  and  provide  a  pair  of  enlianced  lorcbody  vurllcen.  Yaw  control  i.s  -»cIi1qvuJ  by 
controllhig  the  level  of  forebody  vortex  asymmetry  generuled  by  the  nlrakefl.  betleclable  nose  strskes 
were  also  Investigated  oit  the  7.5X  acule  SSl’F  model  (Figure  2).  Nuse  strake  paramet*  fa  invest  igattid 
Jiicluded  variations  hi  st  rake  length,  circumferential  end  axial  location  mid  deflect  Hn  angle.  A 
detailed  lUialysis  of  the  y-iw  coiitrui  ch^racleristlcs  of  the  nose  st  rakes  tested  is  provided  in  Keieieiici' 
4.  Tliese  devices  showed  great  uronilsc  at  high  angles  ol  attack  and  warraiil  lurtber  invest  Igat  loc. 
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To  establish  the  validity  of  the  low  Reynolds  nutsber  data  obtained  In  the  12  f:  LSVTT,  a  \i*%  scale 
model  of  the  SSPF  was  tested  In  the  NASA  LaRC  30x60  ft  LSVIT.  figure  lA  illustrates  the  lAZ  scale  SSPF 
model  installation.  Somewhat  more  sophisticated  than  the  highly  veisatlle  7.5  Z  scale  modcli  the 
baseline  14%  seal''  model  ving  and  vertical  tails  an*  comprised  of  modified  NACA  6SA  S3rlo.s  airfoil 
.sections.  The  biscllne  wing  is  uncambered  and  has  a  predominately  Knear  twist  distribution.  The  wing 
twist  distribution  selected  for  thu  baseline  SSPK  wing  is  a  compromise  based  on  previous  HCAIR 
experience  with  similar  wings  designed  using  the  HCAERO  de  '  n  method,  Kefeiencs  10,  at  transonic  cruise 
conditions  and  the  C.-rlson~Walkloy  design  method,  Referenc *  ,  at  supersonic  cruise. 

Static  force  and  moment  data  were  obtained  at  a  hach  number  of  O.IO  (Re  «  1.876  x  IC^)  at  angles  of 
attack  ranging  from  0*  to  65°  and  sideslip  angles  between  t  30°.  Preliminary  results  obti^ined  from  the 
30x60  ft  LSUT  test  conducted  In  vlanuary  1986  Indicate  reasonable  agreement  with  the  overall  trends 
predicted  using  the  7.5S  st;.*»le  SS^F  model. 


4 . 0  Cone lusions 

A  number  of  general  conclusions  may  he  drawn  from  the  data  presented: 

(I)  Vertical  tall  spanwLse  location  and  cant  /ingle  have  .substantial  lnflu<dnces  on  aircraft  lateral- 
dlrcctional  stability  at  high  angles  of  attack.  Significant  improvements  in  the  levels  of 
-Static  atablllty  may  be  achieved  through  proper  integration  of  the  vertical  tall.s. 

(?.)  Structural  integration  of  veitLcal  tails  positioned  for  optimum  high  AOA  lateral -di  rect  innal 
stability  will  most  likely  require  the  use  of  unconventional  pitch  control  devlcos. 

(3)  Skewed  hingeline  llperoiis  provide  Increased  roll  control  on  highly  swept,  low  aspect  ratio 
wings  up  to  pust‘stall  angli's  of  attack. 

(4)  All-movuablo  twin  vertical  tails  provide  a  subsiaiillal  in':reftse  in  yaw  control  over  conven- 
tluial  luddiTs  and  thus  extend  roll  coordination  capability  to  higher  angles  of  attack. 

Huwi'vci  ,  the  adverse  roll  generatt'd  by  all-moveable  .vertical  tails  presents  a  potential 
problem,  depending  on  the  level  of  roll  acccSeratlon  required  and  the  roll  control  availahlo 
from  other  .surfaces. 
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Figure  1,  7.5%  Scale  Supersonic  Persistence  Fighter  (SSPF)  Model 
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Figure  2.  Control  Concepts  Investigated  in  NASA  LaRC  12  ft  Low  Speed  Wind  Tu.uiet 
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Figure  3.  Baseline  Nose  Shape 


Figure  4.  Plantorm  Comparison  ot  Wings  Tested 
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Figure  'll.  Floll/Yaw  Resulting  From  Scheduling  Maximum 
Aileron  DeJIectlon  With  AOA 

NASA  LaRC  12  ft  LSWT  Test  Data 
-  30"  1 5"  Inboard  Tall  Cant  Mach  0.05 
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Figure  12.  Effect  of  Vertical  Tall  Cant  on  Rudder  Effectiveness 
NASA  LaRC  1 2  It  LSWT  Test  Data 
5/0  -  30"  6f,  -  -30°  (TER)  Mach  0.05 


n  15”  IB  vertical 
tail  cant 


Figure  13.  Effect  of  Vertical  Tail  i  ant  Angle  on  AH-Moveable  Twin  Vertical  Tail  Power 
NASA  LaRC  12  ft  LSWT  Test  Data 
S/e  -  30“  fip  -  -30“  (TER)  Mach  0.05 
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Figure  14.  14%  Scale  SSPF  Model  Installed  in  NASA  LaRC  30x60  ft 

Low  Speed  Wind  Tunnel 
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Appftndlx 

Derivation  of  cos^r  Term  for  Sluing  Canted  Vertical  Tails 

ITie  cos^r  term  is  used  tv)  account,  for  the  reduction  In  projected  area  In  the  x-z  plane  (body  axes) 
resulting  from  canting  the  vertical  tailst  In  canting  the  vertical  t&ilsi  the  planform  area  required  to 
maljitain  the  sane  low  AOA^dlrectional  stability  as  the  uncanted  tails  Is  deterninnd  by  dividing  the 
uncanted  tail  area  by  cos  I'.  Ihls  Is  illustrated  by  the  Tollowing  derivation: 
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DEVELOPMENT  OK  N0N-C’0NVE;NTI0NAI.  CONTROL  METHODS 
KOR  HIC;H  ANCJLE  ok  attack  flight  using  vortex  M  ANIPI IIATION 
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Uetheds  of  manipulating  the  tiirobody  vortices  on  a  generic  lighter  model  to  produce  controlled  yawing 
moments  at  high  angles  of  attack  have  been  Investigated.  Forces  and  moments  were  measured  on  the  complnte 
cunfigurallon  and  on  the  isolated  (orebody.  Two  schemes  for  voilex  control  on  the  lorebody  were  evaluated:  (1) 
Individually-controlled  tip  strokes  and  (2)  Individually-controlled  blowing  ports.  Ihe  ellectlveness  of  the  lorebody 
strakes  In  controlling  forebody  side  forces  was  strongly  dependent  on  the  size  and  location  of  the  strakes.  A  yawing 
moment  can  be  produced  by  deploying  the  forebody  strakes  asymniotrically,  or  can  be  eliminated  by  deploying  the 
strakes  symmetrically.  Tho  most  effective  strake  position  was  found  to  be  near  the  primary  separation  point,  botweon 
lOb"  and  120“  from  windward.  Blowing  on  tlie  surface  of  tho  model  was  also  sliown  to  have  a  strong  effuct  on  tlie 
yawing  moment.  Blowing  either  forward  or  aft  tangential  to  the  surface  appears  to  be  more  effcctlva  than  blowing 
normal  to  the  suiface.  The  most  etfectivo  method  to  control  tho  yawing  moinont  on  the  lorebody  was  to  mlnlmlzo  tho 
natural  asymmetry  with  a  pair  of  small  symmetric, ally  mounted  tip  strokes  am!  to  perturb  the  vortex  systom  away  from 
the  symmetric  condition  with  asymmetric  blowing. 

b  Wing  span.  3.960  ft  (1 .209  m) 
c  Moan  aerodynamic  chord,  I.Bb4  It  (0.66b  m) 

CM  Pitching  moment  coediuent,  pitching  momenl/q,„Sc.  Xref »  4.010  ft  (1.226  m)  from  tho  noso  irp 

CN  Yawing  moment  coefficient,  yawing  momenl/q„Sb,  Xref  -  4.010  ft  (1.226  m)  from  the  nose  lip 

CN-F  Yawing  moment  coetliclent  contributed  by  lorebody  alone,  referenced  to  complete  aircraft  conligutatlon  moment 
loloronce  location,  Xrot  •  A.01 8  ft  (1 .226  m)  from  the  nose  tip 

Blowing  momentum  coallidont, 
m  vj 

d  Forebody  base  diameter,  5.5  In  (13,9/  cm) 

*’sr  Height  of  strake 
IgT  Length  of  stroke 

[ft  Mass  flow  rate  tor  blowing  jet 

q„  Dynamic  pressure,  p  pv,J 

S  Wing  reference  area,  6.564  ft2  (0  610  m2) 

Vj  Velocity  of  blowing  jet 
v.„  Free-stream  velocity 

Xrji  Moment  reteronce  center,  measured  from  nose  tip,  4,010  ft  (1.226  m) 

a  Angle  of  attack 

)1  Sideslip  angle 


M  : 


4>  Radial  location  on  lorebody  measured  from  windwaid  ray 
p  Air  density 


A  key  technology  to  Inuroase  the  overall  angle  of  attack  capability  of  present  and  future  fighter  aircraft  is 
aerodynamic  control.  The  flight  envelopes  of  currant  aircraft  have  been  limited  at  least  in  pan  by  controllability 
problems  al  high  angles  of  altack,  typically  represented  by  sudden  departures  in  roll  and  yaw  and,  in  some  cases,  by 
nose  pllch-up  or  deep  stall.  Reduced  controllability  places  undesl.'able  limits  on  the  maneuverability  of  the  aircraft  but. 
even  worse,  olten  loads  to  unrecoverable  flight  modes  such  as  spins.  The  objective  ol  this  research  program  is  to 
demonstrate  the  potential  to  extend  the  angle  of  attack  range  for  controllable  flight  by  locally  conirolling  the  vortox 
tiowtield  around  the  aircraft  with  nonconvontional  techniques. 

The  llowfield  around  a  modern  lighter  aircraft  at  moderate  to  high  angles  ol  attack  Is  dominated  by  vortices. 
One  of  the  problems  on  aircraft  with  slender  lorobodios' is  the  presence  of  large  uncontrollable  yawing  moments 
generated  by  asymmetric  vortices  on  the  lorebody  at  high  angles  of  altack,  oven  at  rero  sideslip  angles.  The  iriabilily 
to  overcome  these  largo  moments  with  conventional  control  surfaces  has  led  to  a  number  of  studies  to  search  for 
alternate  methods  of  controlling  the  vehicle.  One  of  thu  potential  schemes  is  to  ellectlvely  ulilize  the  vortices  that  are 
the  cause  ol  the  problem. 

Resoarch  experiments  on  a  series  of  generic  lighter  configurations  have  Invesllgated  several  methods  ol 
controlling  the  frrrebody  vortices  Including  movable  forebudy  slrakes  and  blowing  on  the  lorebody  surface.  KIgure  1 
illustralos,  with  sketches,  the  vortex  patterns  typical  of  forebody  Hows  and  the  two  schemes  investigated  to  control  their 
orientation  and  strength.  Figure  2  schematically  shows  thu  objective  of  this  resoarch  program.  The  typical 
effectiveness  of  the  vertical  tail  and  rudder  to  control  the  yawing  momenl  tails  off  as  the  angle  ol  attack  Increases 
because  the  vartical  tail  gradually  becomes  enveloped  In  the  wake  ol  the  wing  and  fuselage,  Al  the  time  the  rudder 
atlocliveness  l.s  decreasing,  the  asymmetric  forces  of  the  lorebody  vorliC8.s  are  Incrtrasinp,  It  the  vortices  can  bo 
conirollod,  then  Urey  can  be  used  lor  gonerallng  o  controlled  yawing  moment  to  replace  the  lost  yaw  controllability 
from  the  rudder. 

A  number  ol  studies  have  previnusly  been  conducted  to  invostigale  the  ettocts  ot  lorebody  slrakes  and  lorebody 
blowing.  The  use  of  forebody  sirakus  has  been  shown  (Refs,  i  -3)  to  be  an  olfoclive  molliod  ol  lorcinp  naturally 
occurring  nsymmulric  vortices  at  high  angles  of  attack  lo  bn  symmi'lric.  or  nearly  symmetric,  and  to  thereloro  eliminate 
the  large  lorebody  sldalorces  and  resulting  yawing  moments  al  zero  sideslip.  Ths  u.se  ol  usymmelricaliy  deployed 
lorebody  slrakes  have  been  Investigated  In  Ref.  a  lor  possible  application  to  controlling  the  yawing  moments. 
Investigations  of  forebody  blowing  techniques  to  control  ths  torobody  vortex  orionlulion  have  also  been  conducted  in 
both  water  and  wind  tunnel  experiments  (Rets.  S-10). 

The  primaiy  locus  of  this  paper  Is  the  results  from  a  series  ot  wind  tunnel  tests  ot  a  generic  lighter  conliguiution 
conducted  (n  the  NASA  Langley  12-Fnot  Low  Speed  Wind  Tunnel.  The  main  objective  was  lo  evaluate  the  elluci  on 
tlie  forces  and  moments  of  the  complete  aircraft  conllgurallon  and,  In  soma  cases,  ol  the  isolated  lorebody,  from 
lorebody  strokes  (both  symmetrically  and  asymmetrically  placed)  and  local  blowing  Irom  the  sutlace  ol  the  forebody  al 
various  pan  locations.  This  paper  will  discuss  some  ol  the  results  Irom  this  study  and  show  a  number  ol  examples  ol 
Hie  effectiveness  ol  various  schemes. 

2.0  lEai'KACILIfT  ANUM.ODLI 

The  experiment  was  conducted  In  'e  NASA  Langley  Heseaich  Center  12-Kool  l.ow  Speed  Wind  Tunnel.  T  he 
tests  were  conducted  at  a  dynamic  pressure  ol  approximately  5  psi  and  a  Reyixilds  number  bused  un  c  ol  0.7b  x  1 0*'. 
Tlio  model  was  sllng-mounled  on  a  6-compon<iril  balance,  t  he  model  altitude  was  varied  Irom  0  to  70“  angle  ol  attack 
end  from  ■20"  to  +20”  in  sideslip.  T  he  model  used  for  tlie  majority  of  the  tests  and  the  one  lo  be  discussed  In  this 
paper  is  the  generic  lighter  aircratt  configuration  sliowii  in  Fig.  3.  It  consists  ot  a  circular  fuselage  suction,  l/d-A.O 
tangent  ogive  Inrebody,  4b"  clipped  della  wing  with  a  leading  edge  extension,  and  typical  luiilzonlal  and  vertical  tall 
components.  I  he  basic  model  was  originally  designed  and  constructed  at  NASA  Langley.  FIdetics  Inturnatioiinl 
constructed  a  number  of  new  components  spucifically  lor  this  test  Including  now  lorebody  coinpononts.  A  soparalo 
forebody  was  constructed  to  be  used  with  an  Isolated  lorebody  balance  to  measure  the  toices  and  moments  ol  the 
lorebody  alone  In  addition  lo  the  total  forces  and  moments  recorded  simultaneously  by  the  main  G-componuni  balance 
In  the  fuselage.  The  lost  was  conducted  in  two  tunnel  entries.  The  test  entry  provided  for  the  separate  loiebndy 
balance  and  the  evaluation  of  many  lorebody  strake  conllguralions.  The  available  strake  sizes  and  radial  locations  for 
attachment  are  shown  In  FTg.  4,  although  not  all  comblnalions  were  tested. 

The  second  onlry  used  the  .same  conllguralion  except  tlie  isolated  loiobody  balance  was  eliminated  and  two 
new  forebodles  were  built  to  provide  for  detailed  stiidies  ol  bolli  tha  foieuouy  slrakes  and  blowing.  One  now  torobody 
was  needed  to  mcoiporate  a  romotely  adjustublo  pair  of  slrakes  al  a  radial  location  judged  to  bo  the  most  olloctivo 
from  results  of  the  first  test,  l.s.,  at  a  radial  angle  lOb"  from  the  windward  meridian.  The  strake^  were  t.Od  In  length 
and  could  bo  Varied  In  height  up  to  O.OBd.  The  pivot  point  of  Iho  slrakes  was  as  close  lo  the  tip  of  lltu  lorebody  as 
feasible,  approximately  .01 3d.  The  wings  were  made  from  u  tial  plate  made  ol  plywood  and  the  luselago  consisU  iJ  ol 
an  aluminum  frame,  steel  balance  block,  and  wood  side  pieces  shaped  lo  provide  a  ciicular  cross  section.  The 
horizontal  tall  dellectlon  angles  ware  adjustable  from  10”  Iralllng  edge  down  to  30  '  trailing  edge  up.  Ttie  rudder  was 
adjustable  from  -30“  lo  +30”.  An  additional  lorebody  was  built  and  used  to  conduct  the  forebody  blowing  tests.  It  was 
con.siructed  with  several  blowing  lube.s  mounted  internally  with  port-s  at  dillerent  locations.  The  ports  available  are 
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shown  in  l-lg.  5  and  could  bo  used  for  blowing  normal  to  the  surface  and  tangentially  sithor  In  an  aft  or  a  forward 
direction.  The  tangential  blowing  was  accomplished  by  using  a  small  90°  elbow  that  could  bo  insoded  into  the 
blowing  port  at  the  surface.  Figure  6a  Is  a  photograph  of  the  model  in  the  tunnel  and  Figs.  6b  and  6c  aru  pho'ographs 
ol  the  lorebody  with  strokes  and  blowing  nozzles  lor  Ihu  aft  blowing  case.  Tbe  nozzles  are  0.125  inches  (0.3176  cm) 
in  diameter.  Tho  muss  (low  was  regulated  by  changing  the  supply  prossura. 

3.0  TEST  RESULTS 

The  experimental  results  di.scussed  in  the  following  section  ate  Intended  to  show  the  elfectivnness  ol  various 
methods  of  controlling  the  (orebody  vortices  and  the  resulting  Influence  on  the  yawing  moment.  Some  examples  will 
be  shown  with  both  the  total  yawing  moment  ol  the  airplane  conllgutallon  and  tho  yawing  momonl  conltieuted  by  the 
(orebody  alone.  For  Ibis  configuration,  changes  In  the  forobody  vortex  structure  had  little  Influence  on  either  the  rolling 
moment  or  tlie  pitching  moment,  thus  providing  a  means  ol  controlling  the  yawing  momont  rioarly  independunlly  of 
moments  In  other  axes. 

The  configurations  to  be  discussed  are' 

1 )  Baseline  with  clean  (orebody 

2)  [)r>selino  with  symrrietilc  and  usymmelric  (orebody  strakes 

3)  Baseline  with  clean  forobody  and  blowing  symmotricnily  and  asyminoliically  (normal,  forward  and  alt) 

4)  Baseline  with  rixed  strakes  on  Ihu  (orebody  and  blowing  symnieliically  and  nsynimultically  (forward  and  aft) 

5)  Baseline  with  fixed  shakes  on  the  lorebody  and  blowing  dllterenlially  on  right  and  left  sides  (lonvard  and  att) 


The  yawing  momunl  coofliciunt  for  the  baseline  conliguiallon  (ITg.  3)  is  sfiown  In  Fig.  7  as  a  (unction  of  angle  of 
attack  (or  sideslip  angles  ol  0  and  16".  Tho  duvolopmenl  of  asymmetilc  lorebody  ortlcus  resulting  In  a  non-zero 
yawing  moment  coefficiont  al  zuro  sideslip  begins  to  appear  at  about  u  ■>  26"  where  the  yawing  moment  Is  shown  to 
depart  rapidly  from  zuro  with  Inoruasing  angle  ol  attack.  Figure  7a,  which  shows  the  yawing  moment  for  the  complete 
airplane.  Indicates  that  the  directional  stability  Is  positive  (I.e.,  at  |1i>  +5",  a  restoring  yawing  n. ament,  Cn  positive,  Is 
oxperh  ncod  to  angles  ol  attack  of  approximately  30°).  This  directional  stability  Is  provided  by  tho  vertical  tall,  which 
loses  Its  ellecilveness  In  the  wake  of  the  wing  at  u  ^  30".  Thu  lorebody  coniribullon  to  the  trtlal  alicralt  yawing  moment 
codlficlenl  is  shown  In  Fig.  7b.  The  effect  of  the  lorebody  on  tho  directional  stablllly  Is  destabilizing  throughout  the 
attgle  of  attack  range,  I  e..  the  moment  Is  In  the  same  direction  as  the  direction  ol  the  nose  movernenl.  II  Is  also 
obvious  that  the  magnitude  ol  the  yawing  moment  asymmetry  is  quite  large  In  comparison  to  the  yawing  momonl 
generated  wllh  moderate  sideslip  angles.  Figure  a  shows  tho  ollecliveness  ol  tho  rudder  dellecllon  to  30"  lor 
comparison  to  the  magnitude  of  the  yawing  momonl  produced  by  Iho  o'-yiiiinetiic  lorebody  vortices.  The  maximum 
rudder  ellecllvonoss  is  al  low  .ingles  of  atlack.  ns  expected,  nnd  decreases  to  near  zero  as  ancile  of  altuck  aDPinaches 
40".  It  should  be  noted  tliat  the  maximum  rudder  effectiveness  Is  only  hall  ol  the  magnitude  ol  the  yawing  mciment  al 
.'ingles  ol  attack  near  40“  caused  by  asymmeUlc  vortices.  It  Is  cleor  that  the  lorces  produced  by  lorebody  asymmetric 
(lows  are  very  large  and  that  the  conventional  rudder  cannot  overcome  them  beyond  about  a  30". 


An  ellort  was  made  to  find  an  optimum  loc-atlon  tor  symmetrically  mounting  a  sot  ol  strakes  on  the  leeward  side 
ol  the  forebody  to  minimize  ttie  asymmetry  at  zuiu  sideslip  and  also  to  improve  the  dirnctlonel  .stability  churacleilslics 
with  increased  angle  of  attack.  Since  the  vertical  tall  Is  Inellealve  al  angles  of  altuck  above  30",  then  the  improved 
directional  stability  must  cunie  from  favorable  contributions  tiom  the  lorebody.  Iho  addition  ol  small  shakes  al  the 
appropriate  location  on  the  lorebody  controls  tho  location  ol  How  sopiirntlnn  and  c.an  be  chosen  to  minimize  or 
eliminate  tiiu  How  asymmehy  assuciatud  with  leesldo  vertices. 


3.2.1 


Strakes  were  investigated  at  several  radial  angles  Iruni  ICS"  to  90".  horn  the  windward  inutldian  ol  the 
lorebody.  l-or  campaiison.  Hgs.  9  and  10  rshow  Ihu  yawing  moment  coellicient  lor  strakes  at  ^  »  150”  and  q  -  106", 
respectively.  Ai  41  «  160",  tho  elloctiveness  of  the  strakes  Is  very  pool.  They  do  not  rudiice  the  zero  sideslip 
asymniotry,  and  Ihu  contribullon  to  dlrucHorial  stability  Is  sigiillicanlly  negative,  o.g.,  Itio  magnitude  ol  the  yawing 
moment  In  the  direction  o(  Iho  sideslip  angle  nbovo  0  is  much  larger  than  that  tor  the  clean  lorubody.  As  the 
strakes  wore  placed  closur  to  tlio  windvrard  side  ol  tho  lorebody,  thuy  became  Increasingly  bimellclal. 

Figure  10  shows  a  largo  Improvement  by  placing  Hie  strakes  at  41  >•  106".  Net  only  is  tho  yawing  moment  at  (i  = 
0  nearly  zero  lor  thu  entire  angle  of  attack  range,  but  the  directional  stability.  Cnn.  is  positive  to  angles  of  attack  ol 
approximately  60".  a  large  irnprovomenl  over  Iho  coses  shown  In  Figs.  3  and  9 

Tho  conliguiallon  wllh  shakes  at4)»  105"  was  chosen  as  tho  baseline  conliguratlon  lor  thu  rem.nining 
Investigation  of  controlling  (In  lorebody  vortices  with  shakos.  Tho  manipulation  of  tho  lorebody  vorticos  wilti  ditforont 
shake  sizes,  I.e.,  lengths  an  '  heights,  in  pairs  and  with  lull  and  right  side  alone  will  be  lllustrutod.  Tire  following 
figures  will  show  Hie  dependency  of  tho  forobody  yawing  moment  on  strake  size  and  deploying  a  single  shake.  Figure 
11  shows  the  etluctivoness  ol  a  pair  ol  strakes  ol  the  same  length  as  those  In  t  ig.  10b  (I.e  ,  1st  »  1.6d)  but  with  halt  the 
height  (hst  OSd  Instead  ol  O.ld).  Tho  large  strake  Is  slightly  itiori)  ofleclive  in  maintaining  symmetry  at  |1  .»■  0  but  tho 
small  siraku  Is  significantly  more  effective  at  contributing  tu  positive  Uiroctlonal  stability  abovu  u ...  30"  (i.e.,  Cn  is  more 
positive  tor  |J 16"  and  moru  negative  for  |1  =  -6").  Comparing  Fig.  10  with  Fig.  12  shows  that  tor  strakes  with  ttie 
some  helglit  ol  hi.r  >  O  ld,  there  Is  little  ditfaruncu  between  strakes  with  lengths  ol  t.Od  and  1.6d.  tlowtivur,  tor  strakus 
with  less  height  (her  «  0.06d),  tho  dlMorenco  In  length  can  be  somewhal  Important  as  shown  by  comparing  Fig.  13 
with  strake  longltis  ol  O.bd  to  Fig.  1 1  with  strako  lungtlis  o(  1  5d.  In  summary.  If  the  sirake  hulght  is  O.td,  there  Is  liUlo 


difference  in  effectiveness  between  1st  -  1  .od  and  isi  =  1 .5d.  It  the  stroke  heigfit  is  .05d,  longor  strikes  (1st  -  1 .5d)  are 
more  effective  lliun  shorter  ones  (1st  •  0.5d). 


3.2,2 


Following  the  study  of  symmetric  pairs  of  strakus  to  reduce  the  zero  sidesli,,  n>-  mmctry  and  to  improve 
directional  stability,  an  Investigation  was  conducted  to  evaluate  single  strakes.  Flgum  14  shovrs  the  eflectiveness  of  a 
single  sirake  In  changing  the  yawing  moment  over  the  angle  ol  attack  range.  Il-u  .i: nmotric  yawing  moment 
produced  by  the  dean  forabedy  (no  strakes)  is  shown  for  reference.  The  placement  of  i  single  strake  at  ifi  -  1 03“  on 
the  right  side  only  Is  shown  for  three  different  strake  sizes.  All  three  have  a  height  of  U.1d  but  vary  In  length  with  l.nr  • 
0.5d.  1  .Od.  and  1 .5d  The  longest  strake  is  the  most  efiectivs  over  the  entire  angle  of  attack  range.  As  indicated,  with 
this  particular  strake  height,  a  sirake  an  the  tight  side  reverses  the  natural  asymmetiy  for  this  forebody  with  no  strakes 
and  forces  a  negalive  yawing  moment.  The  effect  of  the  strake  Is  to  separata  the  flow  on  the  right  side  ol  the  forebody, 
farcing  the  right  side  vortex  to  bo  positioned  above  the  left  side  vortex.  The  loft  side  vortex  Is  doser  to  the  forebudy, 
resulting  in  a  lorebody  side  force  to  the  left  creating  a  negative  yawing  moment.  The  shorter  strakes  aie  not  os 
effective  at  the  higher  angles  of  attack  and  the  flow  reverts  to  the  preferred  orientation  of  the  left  vortex  above  the  right. 
For  example,  the  short  strake  is  similar  in  effactivenass  to  the  long  strake  until  a  =■  3b°,  whore  the  negative  yawing 
moment  Is  maximum  and  for  angles  above  u  -  40°,  the  yawing  moment  Is  pnsillvo.  In  Rg  15,  if  appears  that  if  the 
strake  is  long  enough  (l.e,,  1st  •  '  .5d),  the  affoct  ol  the  diflerunce  In  height  (i.e.,  hsx  O.Obd  and  0.1d)  Is  insignilicant. 


Thu  second  phase  of  the  wind  tunnel  tests  investigated,  in  more  detail,  the  ellectivoness  ol  variable  lorebody 
strake  tiulght  on  the  control  ol  the  rusulllrig  yawing  moment.  The  lorebody  component  was  constructed  so  that  Ihn  lirft 
.ind  right  strakes  were  indupendenlly  and  remololy  controllable  and  could  be  varied  Irom  0  to  Q.oao.  Thu  slraku 
length  was  I.Od  and  Ivtt  and  right  strakes  wore  both  located  at  c|i=  105°.  The  strokes  were  pivoted  about  a  point 
approximately  .0l3d  Irom  the  forebody  tip,  the  most  forward  point  about  which  llie  strakes  could  be  mechanized  to 
pivot,  Kiguie  16  shows  that  the  variation  in  height  on  either  side  alone  can  have  pronounced  eHecIs  on  the  magnitude 
of  tlio  yawing  moment,  but  oven  more  important,  on  the  direction  ol  the  yawing  moment.  For  example,  if  the  right 
strake  Is  deployed  from  zero  to  0.04d  (Hun  533)  at  <«  =  45°.  the  yawing  moment  is  positive  or  In  the  same  direction  as 
the  strake.  If  the  strake  Is  deployed  further  lo  O.O&cf  (Run  535),  <he  yawing  moment  Is  reversed  and  is  In  the  opposile 
direction  of  the  strake  deployment.  Similar  comparison  for  deployment  ol  the  lell  shake  produces  a  neat  mirror  image. 

A  mote  detailed  study  ol  yawing  moirern  variation  with  shake  deployment  hoiglit  is  shown  in  Rii.  1 7  at  u  »  4b". 
The  yawing  moment  Is  plotted  as  a  function  ol  sirake  height  for  right  and  led  strakes  iiidependantly,  Helurrlng  lo  l-ip. 
17a,  witit  neither  strake  deployed,  l.e  .  hsi  '  0,  the  yawing  moment  is  negative.  It  the  right  shake  only  is  duployod 
(Hun  552),  the  vortices  respond  by  orienting  themselves  In  the  reverse  paltorn,  l.o.,  the  iiiiht  slda  vodex  is  closest  to 
the  body  resulting  in  a  positive  On,  The  maximum  yawing  moment  couflicient  of  0.06  is  obtained  with  the  strake  at 
about  .027d,  At  hsi  =  .OGtl,  the  yawino  moment  crosses  llitoiigh  zero  and  becomes  neqativu  with  increasing  heiplit.  It 
Is  believed  that  the  eltect  of  the  strake  at  oinall  liolghts  Is  lu  separate  the  cross-tlow  boundary  layer  hut  not  wllli 
sutllcloni  adverse  pressure  gradient  lo  maiiilain  a  separated  flow  and  the  How  le-ullachas  lurtliur  around  the  body 
beloru  evonlually  separating  again  and  loimliig  a  vortex.  This  edact  in  delaying  the  tinal  separation  location  is  lu 
allow  the  How  to  maintain  a  higher  suction  on  that  sido  of  the  body  with  the  vortex  positioned  closer  to  the  body  than 
the  vortex  on  the  opposile  side.  Since  the  two  vortices  do  not  want  lo  occupy  llte  loeward  side  of  the  body  in  a  stable 
symmetric  orientation  naturally,  if  the  result  ol  the  controlled  side  ol  the  body  is  to  force  tho  vortex  closer  to  the  body, 
then  the  opposite  side  will  respond  with  a  vortex  above  and  lurthor  Irom  tho  body.  It  tho  strake  is  deployed  lo  an 
increased  height,  eventually  the  separation  that  occurs  Is  strong  enough  that  ro-attachmunt  cannot  take  place  and  the 
vorlex  Is  forced  furlhor  away  from  the  '  jdy.  The  result  is  that  the  opposile  vortex  will  occupy  a  position  closer  lo  the 
body  and  tho  yawing  moment  will  be  in  the  direction  opposite  the  strake.  Deploymonl  ol  the  loll  shako  (Hun  551)  is 
seen  to  produce  a  near  mirror  Image  of  llio  ofloct  ol  deployment  ol  the  right  struko  iilono. 

1 7b  also  shows  the  case  at  a  ■  45"  where  one  strake  is  fixed  at  .027ri  (the  position  tor  maximum  yawing 
niomonl)  and  the  other  stiako  Is  varied  in  height  from  0  lo  .08d.  For  example,  it  the  rigid  strake  Is  tixed  at  .027d  and  tire 
oft  strake  is  fully  retracted,  the  initial  yawing  momeni  is  in  the  nose-ilgld  diiectloii.  As  Ihe  loti  strake  height  is  varied 
Irom  0  to  .0<i7d  (at  which  tirno  the  strakes  aro  now  symmetrically  deployed)  the  yawing  moment  approaches  i;ero. 
I  uflher  increase  (i^  btrake  height  on  the  left  strake  does  not  produce  large  yawing  moments.  Utilization  of  this  variation 
of  yawing  momont  with  i>trake  deployment  would  suggest  that,  at  least  at  u  »•  4b'',  the  basic  configuration  sliould  be  a 
torebody  with  syinniotncally  deployed  strakes  at  .027d  to  minimize  asymmetry,  and  then  the  Individual  strake  on  either 
side  would  be  vaned  between  .02/d  and  zero  to  aclileve  the  muximurn  lm|)act  on  yawing  inomoiU.  It  Is  also  clear  that 
the  variatiori  of  the  yawing  mcmenl  with  strake  height  from  zero  in  .027d  Is  nearly  linear.  Tho  reverse  of  tho 
orientation,  iliat  Is,  holding  tho  loft  sir, ike  at  .027d  and  varying  the  right  otiake  height  Is  n  mirror  imugu  of  iho  case  Just 
described.  I  his  particular  behavior  of  yawing  moment  variation  with  dilforontial  strake  height  veriaflori  is  an  attractive 
ap^oach  to  high  angle  of  attack  control.  It  produces  moments  In  excess  ol  tho  maximum  yawing  momunt  that  tho 
rudder  can  oroduce  ul  low  angles  of  attack  (upproxirnately  twice  as  much)  and  it  is  nearly  linearly  variable  with  tho 
movornent  of  tiie  contiol  suifaco,  l.e.,  an  individual  strake.  These  aro  examples  ot  the  potential  power  ot  using 
forobody  strakes  to  control  the  forobody  vortices  and  therefore  control  the  yawing  moment  at  angles  of  attack  wall 
above  that  whore  the  rudder  is  effocllvo.  Tho  selection  of  the  optimum  strake  size,  height  ot  deployment,  location  and 
method  of  combining  the  motions  of  each  strake  would  depend  on  the  forobody  configuration  and  tfio  rcqiiiromonts  for 
the  level  of  uugmenlod  control  level.  The  effoctiveness  ot  Ihc  controllability  also  needs  to  bo  evaluated  at  sideslip 
angles  to  Insure  that  the  method  Is  adequate  for  nonzero  sioeslip  as  well.  Thu  importance  of  Reynolds  number  in  the 
solaction  of  sirake  placomant  and  the  sensitivity  of  the  forel>ody  flow  lo  stiaKo  h»iight  also  needs  to  be  evaluated. 


The  foiubody  forces  can  also  bo  manipulated  by  direct  injuction  ol  air  into  thu  forebody  ventux  llowfieid. 
Hxperiments  have  shown  that  with  rolativoly  low  blowing  rains,  the  forebody  vortices  can  bo  mfluencod,  the  principal 


objective  was  to  optimize  the  location  and  direction  of  blowing  ports  on  the  torebody  to  produce  the  maximum  yawing 
moment  with  the  minimum  required  blowing. 

As  discussed  earlier  in  the  description  ol  the  model,  the  variables  foi  the  blowing  forebody  tests  were  blowing 
port  location,  direction  Of  the  blowing  jet  and  the  blowing  momentum  coefficient.  Refer  to  Fig.  5  for  the  location  of  the 
ports.  For  these  tests  the  blowing  momentum  coefficient  is  defined  rs: 


rti 

Blowing  coefficient  =  Cg.  “ 

Where: 

m  =  Mass  flow  rale  from  the  jet 
vj  =  Velocity  of  the  jet 

=  Dynamic  pressure,  ^  pv|, 

S  =  Reference  area,  i.a.,  wing  area 


Previous  research  results  (Refs,  S-7)  have  shown  that  the  effectiveness  of  the  blowing  is  increased  the  closer 
the  jet  can  be  located  near  the  tip  ol  the  forebody.  Initial  experiments  were  conducted  with  blowing  ports  at  x/d  =  0.5. 
1.0,  and  1.5,  and  at  circumferential  locations  of  $  «  120“  to  T65“.  Blowing  directions  included  normal  to  the  surface 
and  tangential  to  the  surface  in  both  aft  and  forward  directions.  The  circumferential  location  that  was  selectod  as  the 
most  effective  and  chosen  for  detailed  experimentation  was  at  the  most  forward  location,  x/d  =  0.5d  and  i)i  =  1 35“.  The 
most  effective  locatio.t  for  minimlzii.g  the  blowihg  required  is  generally  in  the  location  between  the  primary  separation 
and  the  secondary  vortex.  The  following  figures  and  discussion  will  illustrate  some  ol  the  results  of  the  blowing 
experiments. 

3.3.t  Clean  Forebcdv  with  Blawino  Normal  to  the  Surface 

The  initial  blowing  direction  that  was  investigated  was  normal  to  the  surface.  Figure  18  shows  the  case  with 
blowing  ports  located  at  x/d  =  0.5d,  the  most  forward  location  that  could  practically  be  implemented  on  this  model.  The 
indication  is  that  the  blowing  is  most  effective  at  the  lower  angles  of  attack  and  Is  not  particularly  successful  in  altering 
the  vortex  llowlield  at  the  higher  angles  of  attack  where  the  yawing  moment  is  asymmetric  with  the  clean  forebody. 
Ths  cltange  in  the  yawing  moment  rneasured  at  low  angles  of  attack  due  to  blowing  can  be  shewn  to  be  nearly  equal 
to  the  component  of  yawing  moment  produced  by  the  local  thrust  of  the  blowing  jet.  In  other  words,  the  contribution  ol 
blowing  normal  to  the  surface  is  primarily  a  local  thrust  effect.  At  higher  angles  ol  attack,  i.e.,  above  a  =  15“,  where 
forobody  vortices  are  present,  the  predominant  change  in  the  yawing  moment  is  still  seen  to  be  the  contribution  from 
local  thrust  effects.  At  angies  of  attack  above  about  35“.  where  the  vortex  flowfield  becomes  asymmetric,  the  blowing 
does  not  have  a  particularly  significant  effect  on  altering  the  yawing  moment  in  a  controllable  manner.  Clearly,  an 
improved  niethod  of  controlling  the  voil'ees  and  the  resulting  yawing  moments  was  needed.  The  following  discussion 
win  show  some  examples  of  blovvmg  tangential  to  the  surface,  both  in  an  aft  direction  and  in  a  forward  direction.  An 
example  of  simultaneous  blowing  aft  on  one  side  and  blowing  forward  on  the  opposite  side  will  also  be  shown. 

3.3.2  Clean  Forebodv.  with  Tangential  Blowing  Aft 

Figure  19  shows  an  example  ol  simultaneous  blowing  at<J> »  136“  from  left  and  right  ports  at  a  body  station  0  5d 
from  the  nose  lip  in  an  aft  direction.  T  he  baseline  case  (Run  334)  shows  the  yawing  moment  with  no  blowing.  The 
other  cases  show  the  results  of  blowing  at  equal  rales  on  both  sides  (sywmelric  blowing).  Tne  results  show  that 
symmetric  blowing  does  not  necessarily  produce  symmetric  yawing  moments.  It  is  speculated  that  with  simultaneous 
blowing  on  both  sides  the  flow  is  still  very  sensitive  to  minor  perturbations  in  the  flowtield,  much  as  it  is  to  surface 
perturbations  in  the  case  ol  no  blowing.  Figure  20  shows  the  case  where  blowing  is  implemented  on  the  right  and  left 
sides  individually  at  different  rates.  The  naturai  asymmetry  for  the  non-blowing  case  is  oriented  to  produce  a  positive 
yawing  moment,  which  coincides  wi|n  a  vortex  pattern  where  the  right  side  vortex  is  closer  to  the  forebody  thereby 
providing  a  higher  suction  force  in  the  nose-rignt  direction.  By  blowing  on  the  right  side,  the  already  asymmetric 
condition  is  enhanced  and  the  asymmetry  persists  to  even  higher  angles  of  attack  than  lor  the  the  non-blowing  case. 
Blowing  on  the  left  side  of  the  forebody  is  effective  In  changing  the  yawing  moment  in  the  opposite  direction,  but  it  is 
not  eftec.ive  in  completely  overcoming  the  natural  asymmelty  for  ail  angles  of  attack.  It  would  appear  titat  the  most 
effective  technique  for  utilizing  blowing  to  provide  effective  and  controllable  variation  of  the  yawing  moment  would  bo 
to  start  with  a  baseline  configuration  which  has  a  yawing  moment  inherently  near  zero  thru  the  angle  of  attack  range 
and  to  perturb  the  moment  away  from  zero.  The  approach  illustrated  In  the  next  few  figures  is  IQ  provide  a  forebody 
with  ^mmetrically  mounted  nose  strakes  t.od  in  length  and  .05d  in  height  at  b  «  105“,  as  described  earlier  for  the 
baseline  configuration.  The  effectiveness  of  blowing  o-i  this  baseline  configuration  is  discussed  in  the  following 
figures. 

3.3.3  Forebodv  with  SynnitBlric  Strakes  and  Blowinn  Aft 

Figure  21  shows  a  case  with  blowing  Individually  aft  on  loft  and  right  sides.  This  particular  case  is  for  the 
maximurn  blowing  rate  te.sted.  Figure  21a  is  the  case  for  the  forebody  with  the  strakes  described  above,  i.e.,  placed 
symmetrically  at  106°,  1-Od  long,  and  .05d  In  height.  The  result  of  the  blowing  is  a  signiticant  yawing  moment  In  the 
direction  ol  the  side  on  which  the  blowing  is  taking  place.  The  effect  of  the  aft  blowing  is  to  strengthen  the  vortex  and 
position  it  closer  to  the  torebody  surface  than  the  vortex  on  the  cpposlte  side.  Blowing  left  an  ihf  produces  opposite 
effects,  as  shown,  although  ''ot  necessarily  an  exact  mirror  image  about  the  non-blowing  i  .  In  Figure  21b,  the 
strake  height  has  been  dout,ed  to  O.ld.  The  result  is  that  the  vortex  is  mote  difficult  to  pertuu  from  cyrnmetry.  This 
would  suggest  that  with  larger  strakes,  the  vortices  are  forced  into  a  near  symmetric  orientation  that  requires  a  stronger 
input  to  alter.  The  point  is  that  in  an  effort  to  force  the  baseline  to  be  symmetric,  one  can  make  the  symmetric 


condition  so  stable  that  desirad  perturl-  lions  by  blowing  cannot  ell'";iv0ly  overcome  the  local  symmetric  pressure 
distribution.  The  effects  of  varying  the  blowing  rate  on  either  side  where  the  baseline  is  esse.ntially  symmetric  flow  due 
to  symmetric  strakes  is  shown  in  Fig.  22.  Increased  blowing  produces  increased  yawing  moment  in  the  direction  ol 
the  side  on  which  the  blowing  occurs.  While  the  ettects  of  blowing  left  and  right  are  not  exactly  mirror  images,  the 
effects  are  very  similar.  The  effect  on  the  pitching  moment  from  increased  blowing  rata  is  shown  in  Fig.  23  for  angles 
of  attack  of  45°  and  60°.  At  45°,  the  pitching  moment  appears  to  be  invariant  with  the  blowing.  At  60°,  there  is  a  small 
increase  in  the  nose-up  pitching  moment  with  increased  blowing,  v/hich  is  what  one  would  expect  if  the  forebody 
vortex  on  either  side  Is  being  strengthened  by  the  blowing. 

An  indication  of  the  effectiveness  of  blowing  with  dillerent  sideslip  angles  is  shown  In  Fig.  24.  The  case  shown 
is  for  an  angle  of  attack  of  60°.  The  progression  of  increased  yawing  moment  with  blowing  rate  in  the  direction  of 
blowing  seems  to  hold  reasonably  well  with  sideslip  angles  to  at  least  20°.  The  significance  of  the  results  shown  In  this 
figure  is  that  with  blowing  on  the  appropriate  side,  a  yawing  moment  can  be  generated  that  will  overcome  the  negative 
directional  stability  which  is  evident  without  blowing,  i.  e.,  Cn  Is  negative  for  positive  {3.  With  blowing  it  is  possible,  for 
example,  to  generate  positive  Cn  for  positive  p. 

3.3.4  ftlean  Forehedv  with  Blowinn  Forward 

The  next  few  figures  wll'  illustrate  the  effects  ol  blowing  tangentially  to  the  surface  In  a  forward  direction.  The 
baseline  configuration  initially  had  a  clean  iorebody,  l.e.,  no  lorebody  sirakes.  Figure  25  shows  the  effect  on  the 
yawing  moment  coeliiciont  of  blowing  forward  at  two  different  longitudinal  locations,  x/d  0.5d  and  I.Od  al  a  radial 
location  of  1 35°.  Comparing  Figs.  25a  and  25b,  it  is  apparent  that  for  blowing  forward,  it  is  more  effective  to  be  at  x/d  = 
1  .Cld  in  terms  of  generating  a  larger  yawing  moment  over  a  larger  angle  ol  attack  range.  It  should  be  noted  that  the 
baseline  runs  in  Figs.  25a  and  25b  for  no  blowing  are  somewhat  difterent.  The  location  of  the  blowing  ports  was 
changed  by  manually  moving  the  small  blowing  nozzles  from  one  longitudinal  location  to  another.  The  forebedy  is 
essentially  Identical  for  both  sets  of  data  except  that  the  nozzles  are  located  differently.  The  yawing  moment  variation 
is  asymmetric  in  both  cases  but  varies  with  angle  of  attack  difloiently  lor  the  two  cases.  The  important  point  to  note  is 
that  blowing  fonward  from  a  more  aft  position  is  more  efiective  over  the  angle  ol  attack  range.  The  magnitude  of  ttie 
yawing  moment  Is  greater  and  there  is  not  as  much  tendency  to  reverse  directions  with  a  given  blowing  rate  as  the 
angle  of  attack  is  increased.  For  example,  in  Fig.  25a  the  yawing  moment  switches  direction  al  a  =  36".  With  the 
blowing  ports  further  aft  (Fig.  25b),  the  yawing  moment  has  the  same  direction  until  about  50°  angle  of  attack  and  is 
larger  in  magnitude  through  most  of  the  range.  The  other  important  paint  is  that  in  the  angle  ol  attack  range  prior  to  the 
reversal,  blowing  on  the  right  side  produces  a  nose-right  yawing  moment.  It  is  also  interesting  to  note  that,  compared 
to  aft  blowing,  the  forward  blowing  is  more  affective  at  lower  angles  ot  attack.  There  appears  to  be  some  significant 
Influence  al  angles  of  attack  as  low  as  10°. 


3.3.5 


Figure  26  shows  the  effect  of  varying  the  forward  blowing  rate  for  the  case  where  the  forebody  has  symmetric 
forobody  sirakes  as  discussed  before  lor  the  aft  blowing,  l.e.,  length  =  1  Od,  height  =  0,06d,  and  placed  at  105°.  The 
non-blowing  case  shows  a  yawing  moment  near  zero  for  the  entire  angle  of  attack  range.  Blowing  at  low  rates  has  the 
opposite  effect  ol  blowing  it  higher  rates.  At  low  rates,  at  least  al  angles  ol  attack  less  than  that  whore  the  yawing 
moment  changes  sign  wlhi  angle  of  attack,  the  yawing  moment  is  in  the  opposite  direction  to  the  side  where  the 
blowing  is  occurring.  At  higher  rates  the  blowing  has  the  ollect  of  producing  a  yawing  moment  in  the  opposite 
direction,  l.e.,  In  the  same  direction  as  the  side  where  blowing  is.  It  is  not  clear  what  the  exact  fluid  meclranismi  is  that 
reverses  the  direction  ol  the  yawing  moment  with  increased  blowing  rate.  From  a  controls  standpoint,  forward  blowing 
would  not  be  as  desirable  as  aft  blowing  since  if  does  not  have  the  characteristics  of  continually  Increasing  yawing 
moment  In  the  same  direction  with  increasing  blowing  rale. 

3.3.6  Forebodv  with  Symmetric  Sirakes  and  Blowing  Ditlerentiallv  lAlt.  Forward,  and  All/Korward) 

The  cases  examined  so  far  have  shown  the  effects  of  blowing  at  various  rates  on  both  sides  simullanoously  or 
on  one  side  only  at  various  rates.  The  next  lew  examples  will  illustrate  the  eflectiveness  of  blowing  at  diflerent  rates 
on  each  side. 

3.3.7  Blowlrio  niltBrentiallv  Art 

The  first  Is  shown  in  Fig.  27  whore  blowing  is  tangentially  alt  at  x/d^O.b.  The  ability  to  vary  tne  yawing  moment 
at  any  given  angle  of  attack  by  holding  one  side  at  the  maximum  blowing  rats  and  then  varying  the  blowing  rale  on  the 
opposite  side  is  evaluated  in  Fig.  27.  This  plot  shows  the  change  in  the  yawing  moment  from  the  baseline  case  of 
maximum  blowirrg  on  the  left,  wliich  generates  a  nose-left  yawing  moment  to  the  case  where  there  Is  equal  blowing  on 
both  sides.  As  the  blowing  on  the  right  side  Is  gradually  Increased,  the  effect  Is  to  shift  the  yawing  moment  towards  the 
positive,  or  nose-right.  The  opposite  trend  is  seen  when  the  right  blowing  port  is  maximum  and  the  left  side  lias 
variable  blowing  rates.  The  effects  are  not  identical  on  both  sides  but  show  similar  trends.  One  does  not  see 
complete  symmetry  because  the  case  where  the  blowing  is  Identical  on  botli  sides  does  not  iiece.sBarily  produce  a 
zero  yawing  moment,  as  can  be  seen  for  the  case  where  left  and  right  blowing  are  both  maximum.  It  does  show  that 
for  any  specific  angle  ot  attack  there  is  a  combinalion  of  blowing  rates  that  should  be  able  to  force  the  yawing  moment 
to  be  near  zero.  A  good  example  is  the  case  shown  in  Fig.  27  where  Cpion  -03  and  Cpnght  =  -01 5  at  angle  of  attack  of 
50°.  From  a  flight  controls  point  of  view,  it  would  be  important  to  examine  a  large  number  of  variations  to  select  a 
systematic  variation  of  blowing  on  both  rides  simultaneously  that  minimized  the  total  blowing  required  while  at  the 
same  time  produced  the  maximum  predictable  moment,  it  might  be  that  blowing  on  one  side  only  at  a  time  is  still  the 
most  desirable.  The  degree  that  the  differeritial  biowlng  would  provide  a  finer  vernier  adjustment  on  the  yawing 
moment  would  be  an  important  consideration. 


3.3.8  Blowing  DHteranliallv  Forwiird 


Anollior  example  o(  dilferential  blowing  is  shown  in  Fig.  28  where  blowing  ports  are  situated  at  x/d=1.0d 
blowing  tangentially  forward.  In  this  case  It  appears  that  the  range  of  yawing  moments  that  are  achievable  with 
various  combinations  of  blowing  are  sirnilar  in  magnitude  to  aft  blowing,  but  as  seen  before  for  individually  blowing  or 
one  side,  the  forward  blowing  Is  more  rffective  at  lower  angles  of  attack.  It  also  appears,  for  example  In  Fig.  28,  that 
the  inlluenca  of  blowing  ruts  on  the  magnitude  of  the  yawing  moment  is  very  nonlinear  with  blowing  rate.  This  case 
shows  that  there  is  little  difierence  in  the  moment  due  to  dilferential  rates  until  the  rate  on  the  right  side  Is  nearly  equal 
to  the  left  side.  The  left  side  blowing  Is  completely  dominating  until  the  blowing  rate  Is  the  same  as  the  left  side  at 
which  point  the  yawing  mo.ment  Is  nearly  zero. 


3.3.9 


It  is  now  appropriate  to  examine  the  effects  of  differential  blowing  where  one  side  is  blowing  tangentially 
forward  and  ttie  other  side  is  blowing  tangentially  all.  In  the  data  to  be  shown  the  forward  blowing  port  is  located  at 
x/d»t  .Od  and  the  alt  blowing  port  is  located  at  x/d  ~  0.5.  Figure  29  shows  the  case  for  blowing  forward  on  the  left  and 
blowing  aft  on  the  right.  Blowing  forward  on  the  left  side  alone  produces  a  moment  to  the  left  as  observed  previously. 
Blowing  aft  on  the  right  side  alone  produces  a  moment  to  the  rlpht  as  shown  before.  The  most  intoresling  result  is  the 
result  of  combining  these  two  blowing  schemes  to  blow  slmuitaneously.  The  Initial  presumption  would  bo  that  the 
resulting  moment  would  have  a  value  that  would  be  between  the  values  for  each  of  tlie  two  individual  results.  Figure 
29  shows  that  the  moment  generated  by  forward  blowing  on  lire  left  is  enhanced  significantly  in  ttie  same  direction 
by  blowing  att  on  the  right  instead  of  being  modified  in  the  direction  of  aft  blowing  alone.  In  fact,  it  appears  that  the 
magnitude  ot  the  additional  moment  created  by  ttie  aft  blowing  Is  nearly  equal  to  the  magnitude  of  the  aft  blowing 
alone,  but  the  direction  is  roversod.  There  is  an  extremely  efieclive  synorgistic  otfset  of  the  simultaneously  blowing 
which  cannot  be  achieved  with  either  individual  blowing  scheme  alone.  Figure  30  shows  the  case  where  the  blowing 
ports  are  reversed.  The  light  port  is  blowing  forward  and  the  left  port  Is  blowing  all.  The  result  Is  basically  a  mirror 
image  of  Fig.  29  considering  the  same  cases.  I.e  ,  for  maximum  blowi.ig  individually  and  maximum  blowing  lor  both 
sides  simultaneously.  In  addition  In  Fig.  30,  there  are  curves  plotted  for  intermediate  values  of  blowing.  In  Fig.  30a  the 
blowing  is  constant  at  the  maximum  rate  on  the  left  in  the  aft  direction  and  the  right  port  Is  blowing  forward  at  various 
rates  from  zero  to  maximum.  In  Fig.  30b.  the  right  forward-blowing  port  Is  held  constant  at  maximum  while  the  left  port 
blowing  alt  Is  varied.  It  is  clear  from  Fig.  30b  that  the  forward  blowing  Is  the  dominant  foice,  and  that  increased 
blowing  in  the  aft  direction  is  an  increasingly  etfocliva  enhancement  in  the  same  direction  as  tlie  foiward  blowing. 
The  enhanced  yawing  moment  is  approximately  pioportlonal  to  the  magnitude  ol  the  aft  blowing  rate  in  the  angle  of 
attack  range  up  to  60".  It  Is  also  interesting  to  note  in  Fig.  30a  that  when  the  right-side  forward  blowing  is  at  a  low 
value  the  moment  to  the  left  caused  by  alt  blowing  Is  enhanced  in  the  direction  ol  aft  blowing.  At  higher  rales  ol 
forward  blowing,  tho  yawing  moment  direction  moves  towards  the  direction  ol  the  forward  blowing.  This  variation  in 
blowing  diroclion  with  increased  blowing  in  the  lonvard  diroclion  is  similar  to  that  discussed  in  Fig.  2fi  tor  forward 
blowing  alone. 


4.0  CONCLUSIQNH 

lixperiments  have  bean  conducted  on  a  generic  fighter  configuration  to  investigate  the  ellectivoness  ol 
deployable  torebody  strakes  and  forebody  blowing  to  produce  controllable  yawing  rnomenls  at  high  angles  ol  attack. 
Sirategically  placed  symmetric  strakes  can  be  located  on  the  torebody  to  minimize  the  asyrnmolrib  lorces  and 
moments.  Individually'  movable  shakes  can  be  used  to  control  the  magnitude  and  direction  ol  the  yawing  moment. 
Blowing  trom  outlets  In  the  foreboUy  can  be  used  ellectivoly  to  alter  the  leeward  vortex  flowlielid  and  generatrr 
torebody  side  lurces  and  rosulling  yawing  moments. 

For  this  generic  configuration,  asymmetric  side  lorces  and  yawing  rnomenls  al  zero  sideslip  angle  were 
minimized  by  a  pair  ol  shakos  t.Od  in  length  and  0.05d  in  height  mounted  al  the  torebody  lip  at  105”  from  lire 
windward  side.  Signilicant  forobody  side  forces  could  be  generated  by  deploying  a  single  strake  on  eillior  side  with 
the  magnitude  (and  direclion)  controlled  by  the  height  of  the  strake  from  the  torebody  surface.  For  strake  deflections 
from  0  to  O.O'/d,  the  lorebody  side  force  is  in  the  same  direction  as  the  shake  side.  If  the  strake  height  is  increased 
beyond  0,07d,  the  side  lorco  is  in  tho  opposite  direction  as  the  strake  side.  The  drilerence  is  believed  to  be  due  to  tlie 
effect  of  the  strake  height  on  the  separation  and/or  roallacbmont  of  the  How  on  tiie  strake  side  and  the  rosulling  effect 
on  the  overall  orientation  of  the  lorebody  vortices. 

r  orebody  blowing  experiments  showed  that  aft  blowing  Is  most  otlective  ^'osost  to  tho  tip  ol  the  lorebody  and  at 
a  location  on  the  leeward  side  approxirnati.'ly  135”  fronr  the  windward  side,  wliih,  forward  blowing  i?  more  elleclive  at 
,n  farther  aft  position  from  tho  lip  at  the  same  meridian.  Al  a  longiludinal  iocatio  i  ot  0.5d  from  tho  tip,  blowing  normal  to 
the  .surface  was  not  very  eltective  in  generating  foreboUy  sidtj  lorces  or  yawir.g  rnomenls.  Bio  wing  tangential  to  the 
surface  In  either  an  alt  or  forward  direction  was  much  more  eltective.  Blowing  snowed  that  at  low  blowing 

rates  the  yawing  moment  was  In  a  direclion  opnonite  to  the  side  whc.i-o  blowing  occurred.  AL  higher  blowing  rales  tho 
yawing  moment  was  in  the  same  direction  as  liio  blowing  side.  Att  blowing  produced  a  yawing  moment  in  the 
direclion  of  the  blowing  side  for  all  blowing  rales  and  the  moment  continually  incroabed  with  increased  blowing.  The 
level  of  yawing  moment  could  be  controlled  by  variation  in  the  blowing  rate  on  both  sides  individually.  Dilferential 
blowing  with  one  sida  forward  and  one  side  aft  was  very  effective  in  producing  controllable  yawing  moments.  It  was 
concluded  that  the  most  Blleciiva  method  to  control  tho  yawing  moment  on  the  torebody  was  to  minimize  the  natural 
asymmetry  with  a  pair  of  symmetrically  mounted  lip  strakes  and  to  perturb  the  vortex  systerri  away  from  the  symmetric 
condition  with  blowing  on  either  side.  Control  of  the  tiowflold  with  blowing  only,  i.e.,  with  no  stakes  on  the  lorebody  to 
reduce  the  asymmetry,  is  more  difficult  than  .starting  wrth  symmetric  condilion.  It  is  alsc  important  to  minimize  the  size 
of  the  strake,  because  the  larger  the  strake,  the  more  dilllcult  it  Is  to  overcome  tho  forced  symmein/  with  asymmetric 
flow  produced  by  blowing. 


Ovarall,  significant  yawing  moments  (twice  that  available  from  the  rudder  at  low  angles  of  attack)  can  be 
produced  at  high  angles  of  attack  by  either  Independently  moving  a  pair  of  forebody  strakes  or  by  Independently 
controlling  blowing  rales  from  ports  located  on  the  model  surface. 
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Fig.  1  •  Korebody  vortex  patterns  and 
proposed  methods  of  vortex  control. 


Fig.  4  -  Matrix  of  forebody  strake  sizes  and 
locations  tosted. 


fig.  2  •  Illustration  of  typical  loss  of  yaw 

control  power  with  increasing  angle 
of  attack  and  potential  benefits  of 
vortex  control. 


Plfcinform  and  side  views  of 
fighter  configuration. 
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Fig.  5  -  Matrix  of  forabody  biowing  port 

locations  and  directions  tasted. 


Fig.  3 
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a.  Complete  model 


b,  Forsbody  with  strakas 
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I  Fla.  6  -  Gensric  flghtar  modsl  In  NASA 

I  Langley  12-foot  Low  Speed  Wind 

Tunnel. 
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Fig.  7  -  Yawing  moment  coofficiont  for 

baseline  configuration  with  (Mean 
forebody. 


Fig.  8  -  Yawing  moment  coefficient  for 
baseline  configuration  for  various 
rudder  (iuflortions. 


Fig  9  -  Yawing  niomont  coofficiont  for 

configurul'OM  wilh  symmetric 
foreboUy  MiJkc'S  4>  150®,  Ist“ 
hgi  *  0.1  cl 


9.  10  PQ  30  40.  30.  60  ‘O 

Ai  MHA 


a  Complole  coi^li^uratlon 


b.  I  ofpbody  coniribution 


Fifj.  10  Yawing  moment  coeHicient  lor 
confiaumtion  with  symmetric 
forebody  sUaKus.  v  -  105'’,  Is |  ‘•I.Sd, 
hsT  "  O  ld 
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Fig  11  •  Yawing  moment  contribution  of 
forebody  with  symmetric  strakes. 
<}»  «  105".  Iqt  «  Q 


I'ig.  12  •  Yawing  in<»rnent  contribution  of 
forobody  with  symmetric  strakes, 
0"iOSMsi«  l.Od,  hsT  -  O  ld. 
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l  iQ.  13  -  Yawing  momant  oonlrlbution  of 
forabody  with  symmatrlc  strakas, 
■t-IOS”,  I;;,  =.0.5d,  hyf=:.05d. 


I  ig.  14  -  Companson  al  yawing  moment 
coatilcienl  prociuoud  by  single 
stiakbs  (hgT  .  o.ld)  of  diltoroni 
lengths  an  the  right-hand  side  of 
the  totebody  and  that  produced  by 
a  30''  rudder  deflection. 
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a.  Completfl  configuration 


FIfl.  15  Effflct  on  the  yawing  momanl  of 
varying  the  height  of  a  single  slrsks 
on  the  right  side,  1st  »  1 .5af. 
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Fig.  16  •  Yawing  nionient  coeldclonl  lor  left 
and  nghi  slr.ikes  at  41  >  105", 
deployed  Individually  and  togelliori 
'ST  ”  1  Od. 


a.  Fixed  Etrake  at  hsj  -  0 
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b.  Fixed  strake  at  hsT  -  .027d 


■  awing  monnenl  coefflclant 
varlatl^  with  stroke  heigh. 
1st  -  I.Od,  0-45°.  v- 105". 
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Fig.  ia  -  Yawing  moinant  coafficient  for 
basMine  configuration  without 
forabody  strakas.  with  forebody 
blowing  iiuifiial  to  tho  surface  at 
K/d  «  0.5  and  0  -  1 35°. 


Jtawing  moment  coefficlont  tor 
baseline  configuration  without 
fofobody  strakus  blowinq 
simultaneously  In  tangential  aft 
direction  at  x/d  .  0  5  .ind  .  135». 


I  ig.  20  ■  Yawing  moment  coefficient  for 
baseline  oonfiquration,  clean 
forebody,  blowing  all  at  vaiious 
rales  from  right  or  loft  ports  at 
x/d  -  0.5  and$  -  135". 


l-iy.  21  Yawing  Iiioinoni  coefficient  lor 
configuration  with  symmetric 
forebody  slrakos  ol  dillorent  heights 
f  Blowing  alt  left  or  right, 

41  =  1 35”,  x/d  -  O.Sd.  -  03.  “ 
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f  «g,  22  -  Yawing  moment  cooffician! 

variation  tor  several  blowing  rates 
lOr  configuration  with  symmetric 
strakes,  o  «  105^  .  i.Od, 

hsT  •  O.OSd.  Blowing  aft  on  left  or 
right  Sfdo  at  0  x  135".  x/d  -  0.5. 
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Kig.  23  ■  Pitching  montunt  coellicioni 
variunca  with  blowing  rato  on 
conflyurnilon  with  symmotilc 
.strakas.  iji  ..  105",  I.;,  .  i.oa, 
hsi  •  O.OSd,  Blowing  ah  lall  or  right 

at  (()- ISo",  x/d-o.b. 
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Hg.  25  -  Yawing  moment  coetllcleni  (or 
conliguralion  with  clean  lorcliody, 
blowing  (oiwjrd  al  =  nS".  lelt  nr 
'■igbt  at  dillereni  longjtudin.it 
(ocations 


a.  Ulowing  right 


b.  Blowing  lull 


Mg.  2(3  «  Yawtnf)  tnunioni  coefficient  for 
configuration  with  syinnietrio 
strakes.  ^  .  lOb''.  -  I.Od, 
hyf  m  o.Obd.  and  blowing  forward  at 
13V.x/dn  1  0. 


l  ig.  27  -  Yawing  niornenl  coelliclent  (or 
configuration  with  symmetric 
forobody  slrakos.  0  ..  105°,  kr  - 
i.0d,  hyj  f.  g.oBd,  and  blowing 
simultanuously  aft  at  i|i  «  135"  left 
and  rlgiit. 
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l  ig.  2B  -  Yawing  mornenl  coeiiiclent  for 
configuration  with  symmatric  foro¬ 
body  Etrakes,  Ji  .  105’,  Is,  >  I.Od 
hg,  .  o.05d  Ulowing  simultaneously 
forward  at  .(!  -  135'',  x/d  .  1.0,  loft  and 
nght. 
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Mg.  J?9  •  Yawing  inoniBnJ  coefficient  for 
configiiialion  with  symmetric 
Icrebody  strakes.  =  10i>‘,  l.si  • 
1  .OcJ.  ti.si  >■  O.OJid.  ulowing  forward 
left,  «  iOb”.  Wd  =*  1.0.  mowing 
alt  right.  »  13b',  x/d  =  0.5. 


a.  Bluwing  Iwfl  (G^i  ()  OA),  blowing  right 
variable 


b  Ulowliiq  liylH  (C,,  .■  0  03),  bltmiiig  lull 
variable 


I  ig,  30  Yawing  monnjnt  coefficient  lor 
configuration  with  f.yminuinc 
strakes,  ^  -  105  ’,  Isi  -  1  Od.  hsi  » 
0  Obd  Ulov/ing  mt  left.  ^  -  135". 
x/d  -  0.5.  mowing  foiv.-  ‘rd  right, 
-t  135",  x/U  j  1.0. 
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sliapii*  LtdiiHleiil  cxciiisimia  lo  tiipji  anj;l4-  oi  utlack. 

Under  iiotioHl  rutiditiunH  Llie  flow  iivor  the  le«-*ld«  oi  a  delta  wlii|t  lx  doirltaii  cd  hy  a  pair  ot 
siruii)(  Btshle  4'iid  waII  oreHiifMed  v»»!-ilcr?!  rciKcd  hy  lS»r  Voitei  s'ncii  i  rcua  itic  liunlfni' 

cdxcjlj.  As  tin  uii^lu  111  AtlHi^k  Appl'oAi’lies  ttie  .st'ill  a  vni'lex  hiii  .si  hkivcs  Inw.iiil  (he  .ipi-:i  !<■ 
(in  Wliie,  tiuin  Uie  iralllii^,  rd^c.  At  .kI.i’)  I  h--  hut'Kl  leitclies  (he  iipeX  and  t  lie  iki.ihiI  Iomi 
cind  1  I  (' i  cut  hep.iiitt  lo  ilriieazi';.  Kuiilmi  I  iii-|  c.rioa  l.i  the  itiip.ic  ol  a*  I  i«c!;  icsiili  In  ii  co.-np )  i>i  <■ 
]>i  (•Hkilnwii  111  III.,  or^iinlsei)  Movtleld  Mild  vmlex  Mhetldl  iif^.  T.'tesi  ilow  Insl  .<lil  I  t  i  1  c.'.  p  i  iiiliir->- 
osc  i  i  1  a  t  loirs  in  |  In*  lnrc(’i<  on  llic  olnh  lender  any  ciMiVeiil  1  umI  inovlnj;  su.'i,iii- 

ciiiUl'nl.'i  liiel  lect  Ivi' . 

Tlict»'  ale  .d  prL'.':i'iil  u  luimiier  I't  coiicepi  k  h.’ |  up,  ovaliuiteil  lo  ,iiiiv{ih'  «-ai|il  ml  .il  hlp.li  nip  h-v  id 
attack.  Thl'ist  vc<  (  oi  InxI  ?  I  «n»l  clo.se  nnipind  caiiai -l.s  (  !  J  on-  cx.iiiip1c-i  ol  device;  lunli-i 
1  iivcot  1  X'll  1  nil  ( 11  ]n 'ivhlo  t]|i<  contio]  iBonieiitM  In  iiiAliiiaili  tlliujA].  TTm-  pinAlniliy  ad  ■  he  line 
ol  act  lull  id  lliesu  flnvlcn.s  to  the  <  mil  i  e  oi  uravliy  Vuiild  snp,p,»'*'l  'list  (hey  i  »•  nil  In  .m 

1  lie  M  1  c  l«>ii(  cunt  r  1  hut  Ion  to  iidl  or  y»w  coiiliut.  ConcevdA  in  cuiitio)  a  lau'id  vmlex  .iie  i -i*  In  t 
nuru  IIiiiUaiI  Ainj  r«ceiiLiy  inudit'ied  alrakss  and  fencoa  iiave  lacalved  attention. 


Thore  have  been  several  attempts  lo  control  the  vortical  flow  over  a  delta  wing  by 
blQwing[  ^  I  [6 )  .  These  schcniea  have,  in  general,  relied  upon  an  Inertial,  invlscid  interaction 
with  the  vortical  flow.  Re-energlsation  of  the  vortex  core  has  been  shown  to  be  capable  of 
controlling  vortex  burr.t  bur  the  moraentum  required  and  the  need  to  know  the  vortejc  location 
results  In  an  lnefflci‘*nt  solution.  Spanwlse  blowing  fron  the  leading  edge  of  a  delta  wing 
hd.s  also  been  investigated  experlinentally(7)  and  computatlonallyl 8 }  [  9 J .  Auginentat  Ion  of  the 
vortex  strength  was  obtained  pre-stall  but  the  vortex  burst  was  etthaj^red  and  the  net  lilt 
closely  matched  the  Jet  momenrum  resulting  In  no  net  augnu^ntat  Ion. 

Tangential  leading  edge  blowing  has  as  its  basis  the  concept  of  vortex  equlllhrluiu  on  the  lee- 
slde  of  a  delta  wing.  Thai  is,  the  position  and  strength  of  the  vortex  core  and  its  feeding 
sheet  arc  maintained  In  a  forcc*frce  condition.  This  observation  forms  the  basl.*i  for  several 
computational  methods  for  vortex  f  lows [  10]  [1 1 ) .  If  the  leading  edge  is  rounded  then  tlie 

position  of  the  leading  edge  separation  provides  an  additional  degree  of  frceilnin  for  the 

flowfield.  Therefore  for  every  position  of  the  leading  edge  separation  there  (.-xisr.c;  a  unique 
vortex  strength  and  location.  Normally  the  angle  of  attack  would  be  the  only  variable  to 

affect  this  equlllbrlun)  condition.  However.  If  a  thin  tangential  Jet  is  Injected  Into  the 

crossflow  boundary  layer  near  the  leading  edge,  figure  1,  then  the  Jet  momentum  will  provide 
additional  control  of  tlie  boundary  layer  separation  and  hence  the  vortex.  Thus  the  strength 
of  the  wall  jet  coritrols  the  equllibrlujB  condition  of  the  vortex.  This  is  the  cuiiL-epL  of 
Tangential  Leading  Edge.  Blowing. 

It  l.s  Important  to  recognise  chat  a  key  to  the  effectiveness  of  the  jet  blowing  Is  the  Coandn 
effect [1?]  by  which  the  jet  remains  attached  to  the  leading  edge.  The  presence  of  a  highly 
curved  convex  surface  stimulates  strong  attaclvncnt  and  significantly  enhances  the  mixing  rntr 
of  the  wall  jet.  Thus  -ere  Is  a  very  ••Iflcient  transfer  of  incir.encum  from  the  jet  to  the 
crossflow  boundary  laye  This  vl.srous  Interaction  takes  place  within  the  dimension  of  the 
V'oundary  layer  anti  resui  s  in  tiolnyrd  separatiun  and  conseqtiently  to  large  changes  in  th;> 
nviscld  vortical  fljw  act!  is  •horefore  efficient.  There  have  been  seveial  previous  uses  of 
Jmundary  layer  control  and  wltlumt  exception  it  is  rliose  with  the  highest  surface  curvature 
which  prove  roost  effective.  Kxaoiple.*:  of  efficient  boundary  layer  control  .ire  Cl  icula t ion 
Control(13],  Upper  Surface  Blowing  f»»r  Powered  Liftfl4j  and  Wind  Tunnel  rtound.ny  L.Tyer 
Cont  rol  1 1 !)  I . 

CoMsIdeVlng  that  a  major  problem  of  high  angl«-  of  attack  operation  Is  one  of  control,  Lhe 
ohji'ci  of  the  present  research  were  to  Investigate  both  the  dy-inwic  response  of  the  flow 
(«■  unsteady  control  Input  and  the  steady  state  control  effectiveness  over  a  wide  range  of  angle 
of  attack.  This  paper  will  rypoit  the-  resoltr-  of  iwo  experlmetUs .  Tlic  first,  u  full*.spun  wing 
on  which  the  roll  control  of  fret  Ivenesa  of  tangential  leading  edge  blowitjg  was  inve.stigatpd  at 
aiigl«‘s  of  attack  up  to  bl>*  .  .steady  .statejlOJ.  The  .second,  a  .seini*spati  wing  whicli  was  used  to 
measure  (hr  unsteady  respotusr  of  the  vortical  flow  to  transient,  tangotulaj  lending  edge 
lilowiiig[  I  /  1  . 


Exi.icr  1  rot  nr 

Ki.ll.sn.iii  Wltiil  limmt  Hodi-I 

A  sting  mounted,  full  span  delta  wing  has  been  tested  in  the  U.  bm  low  speed  wind  tunnel  at 
Stanford  University,  TIu'  wing  was  of  con.stant  ihlckiU's.s,  approximately  6%  at  the  root  trhnrd, 
and  has  a  leading  edge  sweep  angle,  figure  2.  Two.  .separate  lnt«‘rnal  plrtia  were  u.scd  tt> 
isolate  the  blowing  supply  for  each  of  the  leading  edges.  Leading  edge  slots  extended  over  the 
in.ijority  <il  tlie  leading  edge  and  the  slot  width  vailed  linearly  from  O.lmm  at  tin’  jipex  to  0.') 
inio  at  chi’  wing  tip.  Since  this  model  was  to  be  operated  «inly  ac  steady  state  conditions,  each 
plenuin  was  supplied  hy  nn  Independent  all  sourre  with  natiual  pre.s.sure  regulation  inonll''rcd  by 
-■stpaiaie  prr.sstire  t ransduci-Vs .  A  lyplcal  wind  tiii.iiel  tree  stream  speed  ol  ?liiii/.s  was  ii.st'tl 
Cliroughout  the  expei  iment  giving  a  Reynold.s  inunher  h.aseil  on  the  lool  chord  of  ''i(lCl,(iC)0. 

The  model  was  mounted  on  a  .'*ting  which  in  turn  wa.s  snppoitei)  f«y  two  tubes  wlilch  .spaimed  tin* 
tutmel.  These  tubes  uete  fixed  to  siile  windows  such  that  rotation  ol  the  wliuluws  eotitiolled 
the  angle  of  altack  Anglew  of  attack  up  to  'j!>'  were  allowabN  before  the  support  structure 
contacted  the  tunnel  floor.  The  c-ent  re  oi  lulaiion  was  the  centroid  of  the  wing  so  ih.ai  niiy 
•isyintne  i  r  1  c  blockage  cifects  were  minimised.  The  model  suppoli  sfialt  could  he  rotated,  ifunugh 
<1  worm  {'.‘‘ai  sy.slcrfi,  from  out.slde  the  test  section  to  provld«’  roll  angle.*:  ol  up  to  3U' . 

A  .siiigl<>  low  of  pressure  tappings  wu.s  included  nii  tli«-  upper  sittlace  of  the  wing  at  the 
clioKi  loc.itloti.  The  Inppiiig’i  exiendrd  /S*  ol  the  local  sem|-sp.-in  on  either  side  of  the  plane 
of  .syuiiiietiy  .niicl  the  surlaci*  pressure  ua.s  inunitured  by  a  .st  .Ttul.ird  Scnnivalve  pre:..':ui  i- 
im'iisvit'eii’ciu  .sy.sti.'iii.  in  .addition  the  model  wa.i  mounted  on  a  simple  1  •  foinpoiienl  .strain  gauge 
balance  giving  iioimal  force,  pitching  and  rolling  nn'ineni  ,  Cu»  •  wmv  taken  ’..-iLh  the  a !  *  giii...-id 
of  rf;c  .'ill'  inlet  hoses  .so  as  to  nilnlnii.se  the  ellects  of  iiulocvd  loads  «lue  to  pressui  i.s.it  ioij. 

^mi  •  -spjni  .WltLd  Tunnel  .ilpdi'i 

A  .si’ini  - -sp.iii  <ielta  wing  nitjdel  ,  1  igur**  3,  w.i.s  .ilsci  le.ste«l  in  the  St.niiord  h'liiviiulty  fl  <*6iii  low 
.spied  wind  tunnel.  The  wliig  w.i.s  of  cotrslaiit  thickiiesH  (approximately  at  the  root  chivd) 
.uid  had  H  'jO®  leading  edg*'  sweep  angle.  The  le.-idinp,  «-dge  slot  eKtflid*-ii  over  llie  itiajotiiy  ol 
tin-  leading  edge  and  the  slot,  gap  varied  linearly  from  O.lmm  at  the  apex  to  O.'ii.i.m  at  the  lip. 


1 


The  model  could  be  confii^uted  foi'  etcher  aceady  or  unsCeaUy  surface  pretisure  meas'irenietit. .  Two 
row^  of  surface  prcsaure  inscrumencatlon  were  Included  at  tho  32.  St  and  S4.St  lout  chord 
locHtloiib.  For  steady  pressure  mcesurement.  a  total  of  27  and  24  tappliii's  reapectlvoly  were 
Included,  witli  the  most  outboard  locations  boing  at  /9t  and  84%  ol;'  the  semi-span.  The  model 
was  floor  mounted  on  a  turntable  which  periniLted  angle  of  attack  variation  to  SO*.  Tt\c 


experiments  were  performed  at  speeds 
6-8x10^  based  on  the  root  chord. 


of  20-30  m/fi  which  gave  Keynolds  /lumbcr.s  of  the  order  of 


Transient  blowing  was  provided  by  a  slmplf  pneumatic  system.  Based  on  previous  experiiuenla, 
a  servo  controlled,  brushless  D.C.  motor  was  us<»d  to  drive  a  rotating,  variable  arts  ratio 
valve  assembly,  A  £  ep  Input,  differenced  against  a  shaft  angle  potentiometer,  provided  chu 
error  signal  which  tontrolled  the  motion  of  the  valve  rotor.  The  damping  and  gain  oi  the 
control  .system  were  adjusted  to  inlnimise  the  rise  tine  and  overahoot  of  the  internnl  prussure 
.signal.  A  aysteni  resulted  which  provided  a  typical  plonum  pressure  else  time  of  binS  with 
little  or  no  ovcrsiiooc. 


The  Internal  pressure  of  each  plenuiD  was  used  to  estimate  the  blowing  tnomentiim  assuming  that 
the  slot  area  was  known  and  that  the  flow  was  Incompresslblu. 


The  sting  balaitce  wss  ualibrated  wind-ufl  and  an  on-line  data  ac'ptlclt  ion  system  .siiiiiplt-d  Llii’ 
output  signals  Kiid  autoiaat ica I ly  derived  the  forces  and  moiiirnts.  Any  rexidua]  cru.ss-cou{>l  hig 
was  accounted  tor  in  Che  balance  calibration  matrix. 

Nc  correction.^  for  tunnel  }>lockage  have  been  applied.  Al  the  extreme  angles  ol  altnck  under 
i nvest  Igacloo ,  the  solid  blockage  could  approach  17%  of  the  wind  tur.nel  cross  secliona)  aiea. 
Obvlouiily,  this  precludes  Che  use  uf  the  results  In  ab.Holute  terins  and  also  plauc.s  the  data 
outside  the  normal  bounds  of  the  approximate  correct  lull  luclhods  avuDi^ble.  howevi'r,  Jl  is 
suggested  Chat  the  iragnltude  of  the  etlocta  of  tangent  lal  leading  edge  blowing,  are 
representative.  Nuia  (hat  all  experiments  were  performed  at  fixed  incidence  and  as  sucli,  the 
blockage  effect  would  only  impact  tbr  Initial  conditions.  The  atitll  iingic  In  p.’)r(  ictil.-ir  should 
be  regarded  as  approxlfuat»*  hut  aufflcleiitly  acciir.-'to  to  dcllneafe  between  tbr  ))ie-  iintl  pn.m  • 
stall  regimes.  Tbo  ability  to  unburst  a  vortex  and  to  reHiia<*h  tho  1  low  over  the  cnilri*  di-lin 
wing  for  angles  of  attack  up  ro  b!>*  Is  tln'oght  to  be  of  suifl«‘fent  iiUeresc  ns  to  unglerl 
concerns  regarding  tunnel  boundary  effecta. 


Keault,^  and  Discussion 

Results  from  the  full-span  experiment ( 16)  will  bt  used  to  IlluHirale  the  overnll  eilerra  ut 
tAiigentfii:  leading  edge  blowing.  As  previously  reported)  IRJ  ft  la  convenJeni  tn  review  the 
data  In  iwn  separate  regimes,  pre-stall  and  puat-stall,  where  the  division  vclate.-i  to  the 
absence  or  pvtsenco  nf  burst  vortical  flow  at  the  polm  (H  ohserviitioi)  on  the  wfng  uppi-r 
surf  (ce.  Figuie  4  shows  spanvlae  prussuie  illstr  Ibut  i  nns  fur  the  full -span  whig  ni  h)*  ,tug,]e 
ol  attack  with  anti  wltliuut  loading  edge  blowing,  in  (ho  unblown  cmsv,  (lir  .syimnetry  ol  the  Ilow 
is  aiipaient  und  (lie  usual  vui'tcx  induced  kik-lIoii  peak  Indlcate.s  th«‘  prent-ncp  of  stable,  atrotig 
vurilc.ll  flow  over  the  upper  suriacc.  For  the  blown  (.a.seM.  where  both  |*-ading  >-dge.«:  are  blown 
with  approximately  equal  motrenium ,  tho  Influence  of  the  vortex  Is  gviwtually  redniU'it  lus  1 1  tin- 
extent  ol  the  separated  flow.  In  the  limit,  the  flow  l.s  fully  real  l  atdieil  over  the  nipper 
surface  t>l  tho  wing  anil  the  vortex  iiillueiica  Is  zero.  I’levloua  t  eptirt  s  1  lU  ]  ( 1  9  |  have  dticnineiii  eil 
tfil-s  efloci  where  increuslng  leodlng  edge  blowing  redtice.s  th-  strength  «»l  ih*-  vm  i  Icrs  aiu! 
relocates  lliein  slightly  Inboard.  The  concept  ol  an  effective  angle  ol  .-itt.-Jck  ol  the  vortical 
flow  which  Is  Independent  of  the  wing  angle  ol  attack  has  been  piojMi.-jed  [  1  /  j  .  The  i-Iteft  of  th. 
blowing  being  to  reduce  the  elfecL.v**  angle  of  attack  of  the  vortices  until,  as  the  Ilow 
real  1  acties ,  It  iiecoiiicn  7ero.  Notice  that  tlu*  vortex  ini  luence  leduce.s,  tlu  oviiall  iioim.-il 
force  slay.s  relat-ivulv  constant.  This  results  iTum  an  additional  nuioml  force  rout  rlhut  Imi  due 
to  the  Jet  altachiiicnt  around  the  leading  edge)  19| .  UnCoriunately  there  was  I  xisuf  f  Id  eiil  volume 
to  Install  pressure  tappings  on  the  leading  edgo  of  tlie  lull-span  wing  and  ihc  iiffcet  is  not 
visible  on  the  pre.*i‘:ure  distribution:: 

Tliu.s  ,  in  th';  pre-stull  rugirao  tho  primary  Influence  of  hlowliig  i»  to  m<.«llly  the  .spaiiwl;;i- 
pressure  .}■  ii'Ibutioii  hut  with  little  change  ol  normal  lorce. 

i'lgurf’  ‘i  ‘.liow.s  the  contX'ast  J  ng  resuXl.s  for  the  po.cl -stall  con-.ll  t  i  on.  For  this  uiihlowii  t'.i.s.' , 
then-  i.-.  Ill*  <'ipp.u  ■  lit  vortex  Jnflut-nce  on  llit'  uppui  surface  of  the  wing.  However,  a;-  hliiwing 
1:5  Applied  s  [  mul  I  aneuus  1  y  to  both  leading  cdge.s  ,  the  vuri  leal  1  1  ow  1  s  gi  ;i<hiH  I  ly  re  •  e.sl.-il»J  I  shvd  . 
Thl-s  i  llu.s  t  r.iLes  the  ability  of  taiigontlal  leading  t:dgo  blowing  t  unburst  a  vortex. 
Increasing  blowing  i'ei.[uv('.s  the  vortex  burst  point  t>w.-;rds  the  trailing  of  the  wing  giving 

5151  i  ni:  In  the  voi'tex  Influence  «t  any  loc.itlon  on  the  uppi-r  surface  This  utlpcl 

<-nrrclHtes  well  with  the  ellcctlve  angle  of  attuca  hypothcala  previously  laenliniiod.  In  tin* 
absence  of  blowing,  rearward  movcir.niiC  of  the  burst  woul-J  usually  be  usrodated  wit.h  .*  leduction 
In  wing  angle  of  attack.  H«»re  rhe  effect'  Is  achieved  at  flxi’d  angle  of  cLtack,  with  blowing. 


For  this  po#i.-*<;«l.l  ca/ie,  racre*t:iaj}  th«  vortical  flow  over  the  wing  upper  surface  also 
Increases  the  overtll  iionoal  force.  It  has  alao  been  shownfl9]  that,  once  a  naxlraiun  local 
vortex  IntliiBnce  condition  occurs,  further  lucreasea  In  blowing  inonorvtum  cause  tho  vortex 
Influence  to  decrease  us  for  tho  pre*at«ll  regime.  'Ihls  may  be  though'  o£  cs  a  continuing 
raductlon  of  the  effective  angle  of  attack  with  Increasing  blowing. 

The  Production  or  Control  oi:  Ho  Hina  Moiflgiit 

Since  synunetrlc  blowing  la  clearly  able  to  control  the  vortical  flow  over  a  wide  range  of 
angles  of  attack,  it  is  novr  of  InterHat  to  exAiilne  the  ptoductlon  of  rolling  moment  by 
asyminecrlc  blowing.  For  th»  sane  pra-  and  post-atall  coiidlclons.  figures  6  and  7  show  spsnwlsi* 
pressure  distributions  for  asymmetric  blowing.  Consider  first  the  pre-stall  case,  figure  (i. 
At  these  conditions,  blowing  on  Che  left  Leading  edge  woJlfies  tlio  left  aide  vortex  with  little 
Impacr  on  the  right  side  flow.  As  the  blowing  is  increased,  the  vortex  Influence  reduces  and 
In  tile  limit,  the  condlciovi  of  fully  reattached  tlow  on  tlie  wing  upper  surfaco  Is  achli'Vfd. 
It  might  be  expected  that  a  left  wing  do%m  noniRnL  (negative)  I.s  produced,  however  this  Is 
cont.iary  to  the  nionjeiiL  measured  by  the  balance.  Reference  (19J  showed  that  for  pre-stall 
angles  oi  attack,  there  were  two  contrlbutlonu  to  roll  tug  aomoiit ;  one  from  the  vortex  niul  oin* 
from  the  leading  edge  suction  induced  by  the  wall  Jat  aiCachiaenl,  It  must  be  assumeti  that  Llit’ 
contribution  to  roll  from  the  leading  edge  suction  Is  greater  titan  tliat  dut-  to  the  reduced 
vortex  Influence.  To  what  extent  the  net  result  of  thlw  balance  Is  geometry  dependent  is  not 
known  but  should  bu  an  area  for  further  Investlgatlun.  The  slight  Increase  in  the  vortex 
suction  peak  for  very  weak  blowing  raomentuni  I.s  not  without  slgntiicance.  For  tills  angle  oi 
attack  the  vortex  burst  la  probably  Just  aft  uf  rhis  clioidwlse  ntessureinent  statlun. 
Cunsequunt ly ,  the  slight  aft  auveuent  of  tlie  vortex  buret  caused  by  this  weak  blowing  nlluws 
the  vortex  to  Initially  strengthen  and  increase  the  local  sucrlon  peak  and  in  <ct  ai  li  tlu- 
lliiw  were  conical  thereat  ter. 

The  prl.oaiy  observation  iruia  figure  6  Is  that  blowing  ttsymiopt  ricul  ly  Jt  prt>-»i.ali  angles  oi 
attack  is  an  uncoupled  phenocoeiioii.  Blowing  on  tlie  left  .side  doe.s  not  oi  gnil'icnnt  ly  .iffcc'.  tin* 
rigiit  side  flow  and  vice  versa. 

Con.stder  now,  flgui'H  /  which  .sliow.<i  the  prc-ssure  dl.sLrllm(  Ion  rpaponne  to  a.vyininel  ric  blowing  for 
a  pust  -  .st  al  1  ,  bO'  angle  of  attack.  The  form  of  the  data  la  ronslstuiu  witii  1  Igure  ■'>  In  (lujl 
tlic  blowing  Is  applied  to  tlie  left  leading  edge  only.  Nulice  though  tlmi  lor  all  but  the 
highest  blowing  niuioeni  lun  siiown,  (lie  effects  are  concentrated  uii  the  1,'igIU,  Hldi>  of  tlie  wing, 
Ainu  uolicD  that  liisiBMd  u£  reducing  tho  vortex  Inlluence  on  tlie  ilglit  aide  It  is  actually 
entianced.  Tlie  distribution  varleN  from  one  which  la  flat,  .sliowlng  no  vortex  Ini  liit'iirr ,  to  one 
wliei'e  rt  .stnbU',  organlufld  vorticai  flow  Is  present.  Obviously,  a  munbei  ol  ♦-iieciH  u{ 
langviUial  leading  edge  lilowlng  are  present. 

First ,  tangent  lal  loading  uuga  blowing  clearly  is  capable  of  'jiiIiui'ki  lug  n  burst  vui  i  ic.it  I  l>>w 
as  evidenced  by  tlie  increasing  voiiex  Influence.  Second.  l|i«*  lelt  and  ilglit  vortical  flows  >n  i> 
veiy  stiongly  cuupled.  Bloving  un  ili**  loft  leading  edg«’  appears  to  unburst  the  tight  side* 
vortex,  .iud  ior  sufficieiu  blowing,  the  left  aide  vortex. 

Fur  (lil.>  post-stall  cast*,  it  is  suinnwIiHt  onsipi  to  correlate  IIh>  prenwuro  \I1hI  >  llxii  ion  with  i  ho 
lialaiici'  rueaaured  roMliig  iiioioant  .  Tht>  roiling  iiinioiMit  that  can  b*>  appi  ox  f  i>ia  I  ud  i  ruin  llie  picasuie 
lU  st  r  ilnit  I  on  agrees  well  witli  linit  lueasured  on  the  halaiu'e.  Kel  erence  |lti|  showed  ilwil  loi  ihe 
pos(.-s(44il  case  where  a  vortex  lias  been  unlmt'st  tlieie  ia  no  additional  leajiiig  I’dge  xucilun 
clteci.  until  a(  Lvr  (he  burst  puint  has  passed  alt  of  the  uieAKnreiiient  lu<-,itioii.  this  iinplli's 
that  the  limited  aiaout>t  oi  pressurr  Intunnat  lun  lias  captured  the  iaa)iiilty  ui  (he  pre.'i.'iiire 
mud  n  [  ('at  ion.s  whicli  Induce  r,<uiaent7. 

A  signUicaiit  le.'iult  oi  die  Lltl.v  expertiiien!  I.s  tlie  recognition  tliat  the  voriiroi  flow  Jii  ptn.t 
.stall  condltluus  la  cioNs-couplud.  The  extent  to  vlilcli  (liiH  l.'t  liui>  lor  aiMi.il  velilcii* 
eunilguraCiuns  with  a  iit.selagc  pr<‘senl  icinaiiis  to  bf-  del  cimined. 

Fiirilicr  iivldiMice  ol  die  vortical  flow  coupling  iit  po:it-slsll  siiKlcn  oJ  attack  is  given  in 

I  mI  err.nee  (1/j.  From  spanwlae  prewvutc  tilat  ribuLioiib  (llgnia.v  IT  and  Ui  oi  linit  lefeieiiee), 

it  w.'is  (ihsiM'ved  diet,  tor  tin*  post -Hl.il  I  caue,  slmultaneoux  blowing  j> .  lor  gie.ilei 

irndl  t  icdl  ion  uL  the  (low  than  tin*  Individual  asynviieLric  hlowlui',  cases  eoitih  iinnl .  In  cniUiasl, 
tor  the  ple-stnll  c«sw  ,  tin*  eltccls  of  syiniiiKLr  i  c  blowing  »’oul<J  he  pinlict  nd  au  du*  .‘Uiiii  »»{  the 
asyinmi'i  t  i e  rosult.s. 

Kiguie.s  B  aiif)  'i  sumiuarisi*  the  prudurtion  ol  lulling  inemenl  by  asyimoet  ]  1  r  leiuliiig,  ■  >lg.e  hlowlng 
.'i.*4  luiicllo'is  oi  hotli  fiiigln  oJ  allnck  and  Mnwlng  inoineiituie.  Ihe  coiitlu]  iiiuiiieiit  vevei.snl  di,<t 
Wh.s  evident  lluio  ligures  6  and  /  is  clarified  and  Is  bou-idi-d  hy  tiic  st.'il  I  ai,g,]e  ul  the  winr.- 

II  lb  t-herrinre  expected  to  be  dependent  upon  the  uneoupled/coupleil  natuio  uf  (lie  ilow  In  llu- 
i  wo  ang.le  of  in  Lack  leglmeu,  pre-  and  po.-;  t  -  at »« M  ,  If  I::  dr.-ir  Jimt  i  aiigrnt  i  ci  i  leatljlig  edg.i’ 
blowing  li.is  the  pgti'titl.ii  to  produce  rolling  noioenls  wMcli  lur  exceed  Mio^u  pjodured  by 
convent  I  «m.tl  inuvlug  ‘surlaee  devlee.s.  Tim  data  used  toi  coinp'.it  l3on[l7u|  was  iu'ijulied  fnoii  .i  wliii 
runnel  Hindu]  •ilmilMi  (o  ii  YF-lb.  If  I.s  most  linportaiit  (li,-it  the  rea'iiui  ioi  (he  entiplltig  oi  tin 
po‘i(-s(itll  le.sponsc  be  imdorNlood  *:o  that  tbl.K  ron.'i»pl  mav  be  put  to  best  nsi*. 


Klgurw  9  shown  the  .syunoiry  of  the  rolling;  Kooent  production  for  both  left  end  right  Leading 
edge  blowing.  Tlio  slight  vetl-tiion  in  the  hiowlng  nonienttun  at  bi'ookpulntH ,  Left  and  rlglii,  is 
probably  due  to  a  slight  tliffcvenco  in  tlie  actual  aloe  area.  Slncu  the  jctual  alot  dimensiuii 
wa.s  rather  sinaLl  ,  the  slot  gup  cuulil  only  be  oarlmated  to  t/.  10%.  This  level  oi  accuracy  l.s 
unlortunacely  maintained  in  the  values  for  blowing  uuinunttuu  caeff  Iclani .  Kvon  with  ihl>i  level 
nt  accuracy,  tho  byiunAtry  of  the  noment  production  is  quite  good.  The  abillLy  to  produce 
lulling  looinentB  ui  either  sign  suggests  not  only  that  roll  control  could  be  inalntaiiir-d  over  a 
broad  ]  ungr  oi  angle.*}  of  attach  bur.  also  that  aaynuii.2trlc  flows  clue  to  yaw  or  roll  could  he 
corrected  and  stabilised. 

llic  Timt'  Scales  oi  VotleJt  CoiUrui 

Having  ub.s«rved  that  tHiigentlal  leac"  .g  edge  blowing  is  capublo  of  producing  or  contrulllng 
lolling  uiu'iienl  to  Very  high  angles  of  attack,  It  is  of  intereat  to  investigate  the  speed  at 
which  the  ilow  re.-^ponds  to  control  inputs.  In  this  instaiice ,  tho  time  lor  vuitcK 
vaorganisa' Ion,  in  terms  oi  the  •-onvow'i  Lva  scale  of  the  vehicle,  following  a  rapid  chunge  In 
the  bluwiin.  moraentuia  Is  ioiportanL.  Tlie  aami-cipsii  wind  tuiitiol  model  pruviou.sly  described  has 
been  usud  (o  derive  theae  tine  Bca?i>.>i(?l  } .  Ay  varying  tho  angle  oi  attack  and  the  amplitude 
ut  tho  blowing  rnometit’Jun  change  for  constant  trauslciiL  tiiou.  It  is  possible  to  deteiiiiiiin  time 
Lags  as‘>uciated  with  voi'tex  modification.  These  again  will  be  (‘xainlned  (n  rhu  two  leginu-.s, 
pVe  ■  airl  pu.'l  -si. all, 

First,  it  is  necessary  to  delltie  some  datum  ruaponue  against  which  the  actual  response  can  be 
OuiDpai'ed.  This  datum  la  relerrod  to  aa  the  "quas  1 -steady •  sLate  response'*.  Kolcii'iice  |?1| 
cuiitalns  a  full  explaiinLluii  of  this  derivation.  (n  aiunmory.  Llie  ataady  .state  pi'essni'e 
<11  st  V  I  liul  luiiH  ,  flgui'a  lU,  may  be  u.sed  i  o  Idont  L  iy  a  toady  .stale  pieaaurt-  cue  f  i  ic  lent  s  tn  a  fixed 
wing  (Mioi'dlnate  as  a  iunctiun  ui  blowing  uiuiautit  uin,  ligure  11.  Ihu  tronslont  Internal  pi'e.ssure 
signals  may  then  be  Lv<ui.‘>lurtiied  to  truirsieiil  blowing  inoueiitiuns  t  i  uiii  which  ^ni  1  ns  l.-nil  aneou.s 
BUI  fare  pie.swui'e  veflpoiiae  iii/iy  bo  liitctpreted.  'ilils  tucliiil*|Ue  producei.  an  idea]  .surtare 
]ne.'.>i"ie  Vcolalloii  whleli  aaauines  inataiitaneoua  re.spuii.se  himI  can  be  rt'inpartil  to  the  actu.il 
lespujive  lu  Identify  uusktoudy  aeiodyrnmlc  eflaets. 

Two  p?  Unary  leglmea,  pre-  and  poBt-alall,  have  been  Identllliul  amJ  It  Is  '<1  !■'  t-rest  ( <> 
Uivesi  Ip.’tt  c  the  vortex  rosponae  In  thoso  reglues.  It  ahould  be  nut  ed  that  a  third  pi>  sibllity 
exists  Htul  that  lb  at.  Iilgh  wing  aiiglc  oi  attack  but  with  suillcletti  initial  hluwing  iiiiniiein  iiiii 
(o  niihtii'.st  the  vuitex.  This  produceu  a  pre-stall  flow-field  at  pu.st  -  at  a]  1  wfur,  ongle  uf 
attack,  llxnoloic  three  cases  will  b*-  exaiiilnvd: 

pie  sliill  wing  n.igle  oi  aitattk.  pve  stall  vorteX  (unburst) 

post  stall  wing  ongle  ui  attack,  puni-atnll  vortex  (burst) 

pofii -stall  wing  angle  oi  attack,  pre-.stall  voitox  (unburst) 

Figures  I),  1  I  Ki<d  lO  show  the  tesulta  obtained  1  <  uia  the  semi-span  minlel  lot  these  Ibiee  eases. 
In  each  llgiiie,  butli  a  positive  and  a  negative  cb.-tugc  in  blowing  oi.Hiieniuin  l.s  1  )  1  nsi  i  sii  ed  In 
all  ca.svB  ilie  transition  time  ol  ilio  liiiurnal  prec.sure  was  iQaintalned  at  '>hiS  !>ut  ilie  iiiiipi  i  i  mle 
wa.s  modi  lied  to  '''axiinlae  the  change  In  the  presKui'e  t-oel  f  lelviu  .  Ibt*  qu.i.sl  sle.iily  i «  s|>iiii;:(' 
for  each  ease  Is  shown  and  (bo  time  lags  due  to  unsteady  elUtcts  i».-y  he  det  ei  ini  ind .  i'uj  .ill 
eaaes  i.ho  runvective  t  Irna  based  on  the  rout  chuid  and  the  fiiie  Nti>-aiit  speed  was  Knii's.  iinly  a 
iiacliun  ui  the  artu>l  dots  p<i(iit.s  am  slinwii  for  clarity. 

I.xamltwii  lull  <it  (his  d-itn  rhoWH  that  there  ai«-  l  wu  dfstliicL  time  scales  aesin- la  (  ed  with  vuitex 
contie)  by  laiigtiiitlal  Uadlng  edge  blowing.  A  abort  time  lag  ui  less  than  I  eunveci  ive  lime 
ap|)«ai's  Lo  cuirulale  with  the  pre  siall  vortex  condition  regardJe.ss  ol  thr  wing  angle  ni 
aitaek.  For  that  cuiidi  i  I'ln,  t.be  vuvticiil  flow  may  be  ccnsldered  ahniost  cvnileal  and  lliereiuie 
would  not  exhibit  any  Lougi  tudlnnl  depcndeiiry.  Consequently  tbu  lluw  .m-u)  gnnlsai  Ion  I  > 
iloinl  nal  I’d  by  vuiiex  equilibrium  In  tiie  ciuhs-IJoW  plana  anti  is  m  lunctlu*,  of  the  semi  span  .-nnl 
the  cro.s.s-lluw  valucity.  Foi  slender  wlng.s  at  angle  ui  attack  tlila  wruld  produce  a  lyplt-al 
time  .scale  much  Ifbh  tti/iii  Hie  cunveot  Ive  time  baswd  on  the  root  cbortl  «nJ  the  I  i  e^-  .si  lenm  speed 
and  this  WiMila  tend  to  corielale  with  previous  obaervnt  tons .  It  l.s  Impurtnnt  to  note  that 
aurcdviiainic  plnniomonii  such  au  low  spend  wing  rock  (which  i.s  ussoclatv'  with  vortex  asymiiiet «  y 
ralhei  tli;iii  voitex  hui-‘i|l(?))  tend  have  pvriuda  ul  tnder  ■  'lb  lOnViMtlve 

t  hiiesIVi  I  ( j  (  7'^)  .  These  rosnlta  Would  suggest  that  langcnti's!  leavllng  edjr.e  blowing,  Is  tnipable 
ul  d'iinplng  init  pi^l'iudlc  osclllsllom  vei  y  quickly.  Thia  oliaervnl  li»n  l.s  alno  .supportiMi  by 
[•.tcvlutc;  wuik(^6), 

The  NiM-oiiil  I  line  srale  Is  ti.Hsoc  Itf  let  th  the  post-stall  regime  whore  u  vortex  buinl  Is  present. 
Under  thi'*>H  euiidl  t  I  otis ,  tb«  luiiglti  Inal  motion  oi  the  vortex  huibl  polin  has  a  sign!  i  leant 
ioipjct  upuii  thu  local  surlace  prscauia  atid  Liitroduuna  a  lungltudlnal  time  BC<ile.  CunsMqueiii  ly , 
ihb  observation  that  tor  post-stall  condi tlona  tho  Itiducod  I'lme  leg  is  ul  thu  order  ui  ') 
(:nnv:'s-(  1  VC  tli>'.vn  la  nut  .*4Ui  pt  i.*<ing.  jt  Is  Likely  that  this  lunger  t  iitiu  scale  is  aarurlttled 
will]  longitudinal  dl  iiiCins  1  oils  and  velucitira  niid  the  cunvectlvv  speed  oi  t  h  .*  Vortex  burst.  Thl:> 
may  also  explain  'he  lendoiicy  i<ir  the  response  to  exiilbit  larger  inagniludR  pi'er.-*,in'i- 
use  I  llat  Ions  poat-.stull  rather  i  ban  pre-ntall.  K«-ference  |?/]  alau  itidlcalcs  the  pit':<*'nL-c  nf 
two  dlsciete  t  lige  scale-s  of  sfiailat  ordei  det'lvml  1  tom  expe*  (menl.a  on  oseiilniing  delta  w!>ig.', 
at  high  angles  of  attack. 

A  iivucbcr  uf  uncertalnt lew  icmalii  regarding  tangential  leading  ed-  -  blowing. 

1)  it  is  dlillcult  to  accursLtsIy  oxtrapoloce  thu  blowing  requireraenLa  from  model  In  full  scale 
up]  licaLiun.  Till!  modal  slot  gup  Is  linlird  by  madul'acturing  constraintB  to  a  value  which, 
relative  to  tlie  span,  aay  be  an  orde>  oi  uagaliudv  larger  than  nuceBuaiy  tor  Lull  srale. 
LiTirlent  bouudaiy  layer  control  boa  bcvii  achieved  with  a  slo«  gnp  to  boimdury  Layer  thlckneas 
ratii'  approaching  0.01(15). 
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2)  Ttie  Keynolds  nuoiher  At  ao(\eI  soale  Is  quite  IvW,  howevet  Ita  effects  would  be  llmitud  to  the 
eecor.Uary  flow  ar.d  to  tho  location  of  the  jet  slot.  The  Jet  slot  ia  generally  located  Juat 
ahead  of  the  cro.--  t  low  seperatlou  Cor*  efficient  operation.  If  the  Jet.  slot  la  Incacod  at  tho 
leading  edge  the  leeulc  should  be  Independent  of  Reynolds  nuinber. 

3)  The  mlniiaua  redius  for  the  leading  edge  compatible  with  vortex  contiol  la  vuikiuiwn  aim  m.iy 
be  an  area  of  coDpromise  betwaeii  cruise  conditions  and  tho  requirement  for  agility. 


The  Concept  of  tangential  loading  edge  blowing  baa  been  applied  to  fuLl'Span  and  scinl  -spnu  viind 
tunnel  models.  Raaulta  indicate  that  the  concept  la  cepalilc  of  controlling  the  vortical  flow 
over  the  wing  to  very  high  angles  of  attaeV.  Mot  only  can  burst  vurtLcos  be  unburst  but 
asyinnetrlc  flows  can  be  Induced  ov  controlled.  Substantial  rolling  muments  may  b(>  prodiu-nd  at 
conditlmis  where  t-xlstlng  control  aysiens  cease  to  he  effective. 

iTifl  flffacLu  of  aayuuactric  leading  edge  blowing  have  been  shown  to  lie  uncoupled  ut-  pre-slall 
angles  of  attack  such  that  the  overall  forces  and  isonente  for  syiucetrlc  blowing  can  be  obtalnad 
by  superposition  uf  asynuDetric  esses.  The  time  lags  Bssoclated  with  vortex  flow  rout  ml  ai 
pte-sLall  ounditloiiu  ar-.'  uliorv,  lusn  lhan  one  convert  Ivi*  ilim-. 

Koi*  pust-atall  conditions,  the  vespunao  ui  the  vortical  lluwlleld  is  strongly  coupled  inr 
asymmetric  blowing.  Thu  coupling  produces  a  roll  moment  n^versal  which  may  be  removed  hy  ilu- 
presetice  uf  a  fuselage.  Tlie  time  lugs  s&sociatod  with  vortex  flow  coiitrul,  puEt-stall  hi'c 
longt'V,  of  the  order  ol  b  coiivectlvc  tlwe.s.  This  may  still  be  short  enough  loi  t'oiurcil  ji{  winy, 
ruck  or  divergence  al  luw  speed  and  high  angle  ot  attack. 
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ABSTRACT 

A  broad  ovarvlaw  of  tha  X-29  lorvard  awapt  uinjt  tachnalotty  damonatraCor  tracaa  Itft  davalopwant  and 
taat  path  during  tha  past  flva  yaara.  Brlaf  daacrtptloua  of  tha  aircraft  and  Its  flight  control  ayatan 
provide  Insight  tor  evaluatluK  thla  unique  vahlcla.  Raeulca  are  praatntad  in  aavaral  kay  tachnlctl  areas 
and  soDia  gansrsl  conpariaona  era  tnada  with  currant  front-llna  fighters.  Tha  basallnr  flight  control 
nyataiD  provided  a  starting  point  for  aafo  concept  evaluation  and  anvalopa  axpanulon  for  tha  aircraft, 
subsequent  up-dates  rasultad  In  parfonusnea  Isvala  favorably  co>r>parabla  to  current  flghtar  rlrcraft. 

Plans  nra  cited  for  expanding  tha  X-29’s  cspsbllitlas  Into  tha  high  angls-of-attack  vaglma  of  fllglit. 
Aircraft  and  flight  conniol  systaB  uodif Icatlona  are  described  which  will  painlt  the  X-??  to  fully 
exploit  Its  technologiaa. 


INTHODUCTfON 

Agility,  inaneuverablllcyi  Intagrat lon-kay  wotda  used  to  dascrlba  tha  auccesaful  uavalopuant  of  the 
X-29  forward  swept  wing  technology  demonatracor. 

Ilia  X-29  Intagratva  aavaral  different  tactinoluHleH  Into  one  airframe  as  duplcteJ  In  Figure  1.  The 
aeruelaatlcally  tailored  corepoalts  wing  covers  catiee  tiie  fotward  swept  wing  to  twist  an  tt  deflects, 
elltnlnntlng  divergence.  The  thin  aupurcritlca  1  airfoil,  coupled  with  the  iliecrata  varlahla  camhi'r 
]iruditcad  by  the  double-hinged  lull  span  flaperon.  provides  optlnua  wing  perforuianre  at  all  flight  conJI- 
tiona.  Tlie  alrcralt  Inherits  Ita  Chlrtv-flva  percent  static  Inatabillty  frun  t  lie  cloae-coupicd .  varlnbla 
Inddance  canard.  Without  It  Che  wing-body  coGibinetlon  In  near-naurra]  ly  atablti  1*he  canardi  wlticli  has 
HU  area  about  tuenty  percant  of  the  wing  area,  prodticaa  lift  and  its  downwash  delays  flew  teparstloii  at 
Che  wing  root.  The  threo-aiirrace  pitch  ccutrul— the  canard*  ilaperou*  and  acrake  flap—  is  used  by  tlie 
digital  My-by-wlr«  Might  control  svateai  to  cuiitrol  an  otherwise  unllyahle  unstable  vehicle.  The 
eucrcHS  of  t)iv  X-29  really  reato  with  the  integration  of  these  tachnologieu  Into  a  altigla  avnergistlc 
cuiif  Iguratloii. 

Iwo  X*'29  aircraft  were  daalgnec)  and  built.  The  llrat  nntersd  flight  tasting  In  heceirher  19H^  and 
conclnduO  In  Uaceinhar  1988,  cuaplcllng  24?  flights  nnd  over  ;'00  lUghr.  hours.  Tlie  prlmoiy  oblectlve  ol 
8h(p  1  tearing  was  to  validate,  evaluate  and  qumiClfy  Che  henct Icn  of  tho  technoluglea  on  huivd.  huth 
Individually  and  synarglaClcally. 

The  finU  two  yaavN  ol  Ship  I  testing  wore  primarily  dedicated  to  altitude  and  Had)  nnnber  Ig 
envulope  expansion.  I'erfuvgisncv  teating  tulloved  the  envelope  exponslon  and  was  coupleted  in  December 
I9H?.  Klnally,  Ship  1  testing  provided  evaUmtiuiiM  of  haiidlliig  qualltiva.  military  ullHfy  siul  agility 
ineCrlca  heluw  ?()  degrees  angle-ut -attack  (AUA).  This  paper  preneiitH  data  aiid  leaulta  oi  Ship  1  tuxrlng 
lit  the  ateas  of  pevlonoanca  and  handling  qunlttlea. 

Ship  2  hegnn  flying  In  Mav  1989.  it  has  iieen  dll  led  tu  allow  high  AOA  CaMilng.  Itb  spin  cliutp 

Will  hIIuw  the  pilot  to  ('Sguln  control  in  the  event  ol  a  stall  ami  spin.  New  liiHtriimeiiCHt  ioi)  will  hel]> 
with  this  task.  The  flight  concrnl  (lystem  software  has  lieun  slgnU  leant  ly  modli  led  to  pennli  eKlenslon 
of  I  light  in  the  Kniglcudliial  plane  to  u  maximum  trlmnnihle  ADA  protected  Co  be  70  ilegrees.  To  date,  the 
aircraft  has  achieved  2D  dagrees  while  njaneiiverlng  1u  all  sxan  during  functional  check  fliglitH.  f'uilowtng 
Che  upcomlug  envelope  expanalnii,  the  aircraft  will  denoimt rnie  che  military  utility  snd  ngUilY  u(  r 
forward  swept  wing  vclilrle  irlnined  at  4U  dagraas  angle-uf-attack. 


AIRCRAFT  l»i-\St:HlPTfON 

O'lie  two  X-29n  were  designed  and  built  hy  the  Ciumtnaii  Aaruapaca  Cor|>oratlun.  Iiethpage,  Ni-w  York. 

1hev  iira  eBaeDllallv  identical.  To  reduce  overall  proKiain  cooIh.  the  Air  F'urce  supplied  aeveral  ma  |or 
rumponeiitN  of  ihv  ulrcratt  to  Cruu;n)Bii.  Those  Included  Che  F'-TA  inrebody  and  nunegaar;  K’-n>  multi  gear, 
jicrunturf: ,  airl  rame-mouiicad  ocevasory  drive  and  eoiergeitcv  power  tmlt.  F*-IK  >'4D4  «nglnc;  SH-/1  I!i)l'‘i'i()l 
(llglit  control  compiiiern,  and  F-14  Rccelerunieters  suii  ruto  gyroa.  Uae  of  thaae  tline-provcn  componentn 
sIno  Increased  tha  lallahlllry  of  the  rilglit  vehicle. 

Hie  X-2n  I'llghc  r;oi)trol  syatam  (FtlS)  is  a  triplex  digltu)  fly-hy-vlre  Hvetem  with  trlvtlex  analog 
hack-up.  Its  Hchematlc  la  shown  In  Figur*-  2.  Tlie  fall-op/faiJ-a«fe  syateni  used  MII.--F*-87B^fI  and  HII,-K- 
949(10  apKcil  icat  fund  as  design  guides.  Flying  qtiolity  dculgii  goals  wore  Level  I  for  tha  prloiary  iJigitnl 
mtida  and  (rval  li  for  the  anelog  back-up  mode. 

The  KU'i  cuntalnH  both  digital  and  aiiHloy  nodaa.  Noroial  aircraft  opevatiju  la  accoiopllstied  thrnugli 
tiiQ  uotDisl  digital  (ND)  mode  with  Its  aaooclatad  hiiirtionnl  oprlona  aucli  ua  automatic  camber  cuntrul 
(Ai'[!),  uainui)  camber  control  (MFC),  ajieed  ntahlllty.  precloian  approuch  control  (I’AC)  and  direct  electri¬ 
cs]  link  (DFI.).  ND  rIhu  coiitsins  upiioriu  In  Its  gain  tobies  for  poti^c  approach  (TA) .  up-aiul-Hway  (UA) . 
and  degraded  operation. 

The  normal  digital  imide  has  h  pitch  rate  control  law  with  gravity  vector  compenvatlon.  driving  a 
discrete  A(!C  svatem.  *l'hli-  rio«le  is  goiti-ucIiedulcJ  ae  h  function  of  Mach  nnmher  and  altii:ude  and  Incor¬ 
porates  u  sophisticated  redundancy  managemeiU  ayRtera  allowing  rall-op/tell-safe  flight.  MCC  la  a  pHot- 
aelncted.  fixed  flaperon  sub-mode  of  ND.  Tlie  I’AF  function  In  a  pHot-selartcd  auto  thrott'ie  H/Rten,  The 
DKI.  function  In  a  ground  contact  cuncrol  law  set.  It  la  active  when  any  landing  gear 
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ve-iKht-’On*-whaiil  rainy  In  open.  Thle  funoclon  fnclea  out  the  lonKltudlnal  forward  lnn|i  iiuegratort  nl  lowing* 
direct  pilot  control  of  the  cnnurds  durliiK  Laxli  Leke-off,  or  leiidlnit  roll-out. 

({sin  tablen  for  degredcd  operation  arc  activated  by  a  failure  ol  the  AtLltutle  Heading:  Ueferencc 
Syntsm  or  any  two  uf  the  throe  angle-of-actack  atnsora.  Thin  function  cannot  ha  pilot  aclet-ted,  nor  cnn 
It  he  exited  In  fliRht.  Pegraded  normal  digital  operation  ta  the  laat  option  available  during  nensor 
fniluraa  prior  to  automatic  dovn-modlnK  Co  analog  reveistuii. 

The  analog  reversion  (AK)  mode  la  the  hack-up  flight  control  ayaccm*  designed  tu  bring  the  alrcrnit 
safely  back  to  base.  Tlie  AK  mode  iirovidae  a  hlghlv  reliable,  Jlaalmilar  control  miule  Cu  protect  against 
generic  digital  control  failures.  It  liicorporaCea  UA  and  PA  funccloau  similar  to  those  of  the  NP  mode. 

It  containn  no  longitudinal  trim  capability  or  pitch  loop  Rain  compensation  with  dynamic  preuaure  wlillr 
the  aircraft  la  on  tha  ground.  In  all  other  aspecta.  It  pcrforiae  like  the  ND  control  syBC.^n, 

lha  Initial  Ship  1  flying  was  llmitad  to  O.hf)  Mach  number  and  30.000  ft  pressure  altitude.  An 

the  flight  envelope  wau  sKpiindedi  the  FCS  evolved.  Several  gain  and  redundancy  managenant  modifications 
were  made  an  a  result  of  flight  teat  data.  The  PA(1  and  Mi‘f^  medee  were  added  to  anlianca  the  rwHcarrh 
capability  of  the  aircraft.  Addition  nf  the  Kamote  Augmented  Vehicle  (KAV)  ayatem*  davalopcd  by  NASA, 
provided  tha  capabllltv  to  pulse  individual  cuntrol  aurfarna  ao  as  to  extract  their  cf I ect iveneah.  An 
Ship  1  entered  Che  military  utility  and  agility  phene  of  Itn  flight  tent  proKram  additional  changen  were 
made.  hi  order  to  enhance  agility  and  Improve  handling  c^uelitlea.  control  utlck  haiinony  wiin  impioved  liv 
reducing  Its  ionKlludliisI  thniw  by  about  ilftv  percent.  A  furtlier  modlficailuii  to  the  galtiN  for  hotfi 
longitudinal  and  lateral  axen  waa  ma.ie  to  remove  the  earlier  slugginliness  Iti  both  pitch  und  roll  raxponxe 
of  the  alrcraf  t . 

T.ute  111  IMH/,  Slilp  7  waa  removed  tru>tt  storage  end  nodi  I  leaf  i»iif*  heKon  >or  a  high  ADA  prop, tarn.  A 
spin  chute  nystanj  was  added  to  the  aircraft  Co  aselat  in  recovery  of  tlie  Hir«-ra(c  from  an  liiadvei  tent 
depaiture.  The  Nyatam  waa  deslgiied  for  pyrotechnic  depinyment  and  mccliauical  |ett1non.  A  pvrotechnli- 
emergency  iettiHon  la  also  available. 

t^ockplL  Inxtriimciiiatlon  was  changed  to  accentuate  tlie  ini|M>i'taiu-e  of  the  ang )e-of  ^at Lac  k  unit  yaw 
iiidlcatora,  Tliey  are  now  large  nix  liicli  mecara  centered  on  Che  cotiBole.  ftpin  fniuir  Nyateiit  stutni.  llghtH 
ainl  Cent  evltchun  were  added  an  well  sh  IiisCruut  iunal  llgliin  to  asnint  the  pilot  in  ui>pW]iiK  Npin- rei-ovci  v 
cotui'ul  inpuiH, 

The  Ship  7  [light  cnntrol  laws  have  been  flKxIilled  to  permit  all-axlH  maneiivering  to  An  dogreeH 
angle-of-nttacki  and  pltch-nulv  maneuvering  to  PR  high  hh  degteen  AdA.  Helow  Id  ilenrewx,  Llio  conriol 
laws  are  identical  to  tboee  luat  tlowii  uii  Ship  I  In  itecembet  IVKb.  Iietwven  10  anJ  2t)  degree.s.  the  high 
AOA  sHiiJit  IcatioiiH  are  fao«:d  In  until  above  20  degieeH  they  me  tiilly  funct  Iona i . 

An  aiigl  e-ul -at  tack  feedback  hiop  l.aR  haan  added  tu  coniplemoiit  H|in«*d  etabllltv.  Die  Iniigitudlnfl  I 
Integrator  hnfl  been  removed  above  40  degreeR  AOA.  Thi  ev-ln  oak-point  InicrHl -d  1 1  ect  Iodh  I  gain  Lnhlef.  hiiv»> 
hern  cunatructed  tu  optimlre  mauvuviit'lng  perlonnaoie.  Tiie  lateral  Integrator  in  icnuiveil  Hbovc  1 degno'M 
AUA,  l.nglc  liRu  been  added  lor  rtpln  prevention  and  recovery.  Numerous  utiiei  Iohmov  cbniigeH  haw  lu-cn 
liicorpotated  into  the  high  AOA  control  laws. 
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wing  I'eriormniue 

The  iiiteriu'i.  Ive  efleotfl  ol  Che  cloxe-couplcd  wing  and  cainiid  and  liic  ciuirncteviat  ica  ol  (he  ndvanred 
Llilti  Bvipercrll  leal  airiull  were  asHessed  through  aualvHia  ol  pi'CHsure  tneat^iirvnieiit  h  on  tliVHe  HUilHieH. 

Kowh  ol  presHure  otlllceM  aru  hicatod  on  the  left  haixl  cenaril  and  wing  at  atailonr  cnn))>ntth)e  witli 
earlier  wind  tunnel  aiodel  locaclouR.  hccauRe  of  the  l  lexlble  mitiirc  oi  the  X*7*h  Intvrprelitt  Ion  ol  (he 
nrenf^urc  dsta  required  knowledge  ol  the  local  geutnpri'lc  ang le-ol -Incidence  ol  thi*  wlnv.  MM-tlnn  nt  (ninti  ol 
the  cliurdw  along  wliicli  pieaitiiro  dHta  wrre  taken. 

A  Kliglil  I'Hlircllon  HeaHurotnout  Svstvm  fl-l'MS)  whm  lnHtelled  on  the  rtglil  wlile  ol  ihc  nironilt.  It 
<‘onnlNls  of  twelve  inirareil  I  lgh( -eml  tt  Ing  itiude  tnrgein,  n  target  d'lver.  two  rucelvriN,  nml  a  cinitiu) 
iinlc  whU'li  l.H4MifliCN  with  tlie  sircrafL  telenecrv  *rhu  |MiipiiHe  of  the  ThMS  in  to  provide  the 

del  lection  (twist)  ilata  needed  tor  detcMuiinlng  the  true  geuiiietrlc  siiKle-ol-lnclJeiuc. 

IMoLa  ul  aHlmteil  preMHiire  data  are  aliown  In  Klgiirea  T  and  4  |«iv  ivn  vnlnea  of  lilt  loerilclont, 

HiiCn  from  esch  row  ol  miliceM  nlon;-.  tlie  live  wing  chord  locfillooH  are  coinpiired  to  pi  e«lli:t  loni.  wlil»h  lire 
based  on  wind  tunnel  rcniiltx.  Aluu  nhown  1h  a  act  of  data  tor  rtnoul  qnnrti'i  apiin  on  the  canard.  Tlu 
pvaNNurc  dura  1  rum  the  upper  surtacc  of  the  canard  clearlv  l>•tMlWS  the  ntriing  auci  ii«n  eftcct  AHHodated 
with  a  lining  auriace  In  clear  air.  hlkcwlKet  the  two  inluniid  iiiwa  ul  wing  piesnure  ttipu  show  the 
intluence  ol  the  downwaali  from  rho  canard,  Althongli  a  row  of  wing  preanuie  (epn  Jh  lucatid  lORl  Inbonnl 
of  the  conard  tip  locatluni  the  canard  tUiwtield  prupugaCen  tovaid  the  fiinelagc  nn  it  enrfoiiUern  the 
Inrwsrd  swept  Ivadlng  edge  of  the  wing.  TIhih,  canatd  .inlluence  In  confined  to  the  tw.*  inhn.ird  of 

wing  prenHure  data,  t'otnparisun  the  preesnic  datii  with  wind  tunnel  predlot  lonR  ohnwn  rclnlively  good 
agreement.  Ii  is  aiiparant  chiil  s  ntronger  nhock  wave  exl^la  in  the  riJp,l>i  data  .'hnn  in  wind  tunnri  drits. 

Figure  hIi(<wh  predicted  voihub  rneriRured  shock  locution  at  ttiiiiHonlc  coinUtiraiH  und  nt  an  intcrmi’dl- 
ete  value  o)  lift  coefficient,  'iln>  ngreeinenr  witli  wlml  ciMiiiel  preilloiluiiH  In  excellent.  The  cliert  ol 
the  high  trolling  edge  sweep  of  tlie  wing  ituH  icHultetl  In  a  more  ci'llqiic  (and  venkened)  idiock  wave, 
contrlliiit  Ing  lower  wave  drag  ttnin  a  Hirillar  uft  swept  wing.  The  thin  Hiipcrcr  1 1  IrnI  alrloll  Inrfi  nllowed 
the  shock  to  move  ait,  proiiiiclnfi  s  larger  1  Itt-producing  region. 
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Tlte  Mfr  and  drnu  ilinrarCprlKl' Iri-  i>J  •ilic  X-?*)  wprt*  datermiiivd  hy  pprfotinln);  piJHh-t»v*r,  pull-iip 
(POl'in  iitid  wlml-up  turn  (UIIT)  tnaneuvera  at  ouitutont  power  ueCtlliKP*  rni’M  matieuvirH  were  iiKeil  tu  nhtnln 
data  for  load  (flcrorn  under  c^r'r  and  tlie  UMT  nianenvera  tor  ^k'h  and  almve.  t'ata  waa  t^htufned  for  anylea- 
ot-attftck  up  to  20  dpRji-es  and  lor  Byrnmetrlo  toad  factoiR  np  to  ft, 4  g'e  ni:  forrcrtod  to  po'uulH 

Rrnso  aircraft  weight,  llnih  rfie  automatic  camhcr  foiurol  fAIT)  attd  iaanu.il  camber  c«*nLrol  optfonn 

(if  the  norpial  digital  nuulr  of  the  flight  cuutiol  avatecn  were  InveHtigaled. 

Prag  polara  were  acquired  lor  0.4  to  Hacli  Nuiabeta,  Die  polaia  were  (*(»np/ired  to  wind  tunnel 
pi  wd  let  Iona  whtch  aluu  uaed  the  ACO  control  liurfaca  artiudiileu.  In  getiuial,  aubatuili'  and  trauHonic  lllpht 
CdHt  renulCN  hlinwed  lower  diag  coc  f  f  i  cien  I  h  IIihii  predicted.  ^uperHoiilrnl  ly  the  Cect  data  eitlu-i  niaiched 
ptedi»ili'uB  cloaelv  or  allowed  higher  drag  coef  f  (cieuta .  Die  lilgbrnL  lift  coefficient  re/ichi>d  waa  ].<il  .Tt 
0.4  Ma(‘h  iiuiuher.  DiIr  wan  a  raaull  oi  tin-  ct'iiaervtit  Ive  angle-ol-nttack  and  load  factm  limitatlntu. 

Inpuaed  uu  the  ii1icrnft»  uor  from  lack  of  engine  tliiuat  or  control  power. 

Shown  In  Kigure  ft  li«  the  compariHon  between  .r  wind-tonnel-predlc tail  drag  polai'  and  the  iictnnl 
flight-derived  pulnr  at  n,'i  Mncb  and  10,000  leeC  prcNRUte  altitude.  Tlic  wind  ttionrl  data  clrarlv  over- 
predietpd  drag.  Note  the  break  Iti  tbo  riiive  which  coiieNpondM  to  an  angle-ol -at  tack  of  about  aevpti 
dagreeH.  it  happened  that  tlie  aclieduled  caiiaid  ponlrlnn  reveraed  dftectinit  and  the  flaperou  ponitiou 
Bchediil#  foarhed  a  limit  nirii  1  t  aneoiia  I  y ,  11i1h  would  auggeat  that  at  angler-ol -a*  t /ick  below  Heven  degcnifi, 

the  Adi!  NClieduIi*  waH  not  i('iitiily  opi  iolr-cd  foi  Mfr  and  drag. 

The  nininia  I  camber  cniitiol  fHllO)  iiiudL*  of  the  flight  coiurol  Nverem  wm»  ottllved  dinliig  prr  1  orinaiici’ 

teHtiiig.  The  MCC  uach  tlaed  1  iMperc'ii  aettlngM  to  .ichleee  ilfaci'ele  enliieH  nl  wing  cAmbiM’.  Mgiite  I  hIiowk 
Hchemat  1  ('a  1 1 V  how  r.be  A(!f!  acliediiilng  In  derived  H(U!  reniillH,  Wlml-tuiine  1-der  i  ved  drag  pnliiiH  are 

plotted  tor  (^prclllc  tlHpi'rnn  uett  ingu.  The  dAMoi-d  line,  laired  tniigeiit  lal  ly  acroiin  t  lie  poluiu,  then 
detlnui.  an  optimum  variable  camber  polar.  The  appri^pr  i  at  a  flapertui  poaltloiu.  .'irr  then  *ichi'dii]ed  wltii 
ling  le-o ' -at  t  aeV  to  aclilrve  tiilN  polai  (llcfereiice  )). 

i-'ig.iire  B  ahouH  hotli  MOO  and  AOO  dutfi  nl  O.'UI  Mach  immber  niid  10,(100  led.  An  li<  evideui,  tlic  AOO 
nchednling  did  un  cvr-ellcut  1oh  ol  opilniivlng  the  diHi-icte  cnmltvr  iHtl.iia. 

Tlip  iliMl  nlrciall  pei  1  oi  maiice  data  lo  hr  dlacuNHeil  here  In  directed  lowiiiil  .iimwi'ring  the  /lueatlon! 

"Han  the  X-2'‘  I  rn  1  v  dem(^nHt  i  ated  t  echiio  1  ><g  lea  vlilcli  arc  uppUcahle  t<>  (uiuie  lilgb  pciloinuncc  i  Iglu  ei  h  i'" 

11  tliene  technologlea  have  l*eeu  pr«'veti  (o  provide  Ciingtide  beiietltM  In  »•  I  Ig.hler  •»  lasn  aien.i,  rben  tlie 
HiiHWer  la  VVH.  Klg.urea  ‘l  thiough  1?  provide  ae  .-<<pet  I  oi  mance  compiirlnooN  between  the  X-.'”  niul  a  l•lllIl■nt 
lilgb  [lerfonnarn'e  iiglitei.  Ho  rittempt  b.ia  been  made  lo  nonnal  1  .re  |  be  dnia  oi  optli»l/e  elibvi  iilictnit. 

It  in  nlinplv  dii  a  1  r  cm  i  t  - 1  w-<i  1  rc  rti  i  t  Muip.’duit  . 

The  Induced  drag  pnlara  preHenled  in  llgmen  v-ll  aluiw  n  coiinlateiit  timid.  Tiie  pol»M  sbai’v  ot  i  h»’ 

X-.'d  liaa  been  gieailu  Icrpioved.  Althougii  the  X-2'»  wan  apec  1 1 1  c.-i  1 1  v  opt  iirl /ed  loi  n  o.o',  C(ieM1c|vnl 

at  0.')  HhcIi  iinmhcr  and  Ul,0il0  feet,  (lie  iiiipiovt'n>eor  exlnti.  iliroiigli  Iik  entire  {m  i  i  oimani.  n  ii'.ii' . 

Ihe  maneuver  lieHlgni  point  cluiaen  tot  the  conpiit  Iucmh  o(  )flt  to  l<>(iil  diiiK  oud  I  o  Indtncd  di.ig 

onlv  III  i  Igurf  12  idiVlouHlv  Invort  the  X-2v.  Hut  ttie  point  In  <|iiHe  repi  eaelit  .i  i  I  vc  i>l  u  nvt  c  I  iig 
coihUiIoii  111  tbv  "vlMitlng"  aiiciall  i  fie  >-2*J  data  wan  acipilMd  diitllig  autoi-uitU  e.tii.bei  toiilrol  i-i-i  rn  • 
lion.  hahiK  tin*  AOi!  acheduU'  HbouUi  lesnlt  in  tin;  opi  Iniiin'  drng  pnlai  ai  iilnvntile.  It  might  iippeni 
atii  (ir  1  Ring,  thcii,  tlmt  ligure  W  ahovR  »  i»tt>ataiil  lo  I  decremnit  fit  l■•l|xlmnM  UU-to-dtiy.  iiilic  ii-i  the 
X-2q,  Tbia  (a  explainable  hy  lecalliug  (iuM  the  X-2'l  wiin  pul  lugetiH-i  I  rom  iiiiiiiv  (•lece*  and  paiin,  I'IiSh 

ie>-nlti*d  In  a  inlher  large  |i««llle  drag  M*r  the  atieruft.  However,  at  O.dS  Mil  coeli  h  loiil  ,  H.'*  Mnrh 

iniiniter  and  lO.lHIU  leov  /il(l(iule,  the  oceln  In  wplte  ol  irii  bigb  pioltle  di.'g.  In  (lie  I  i  gbt  n  r- e  1  ii 

lirenii*  performance  ot  the  X*2‘i  !»•  impieMiJve. 

Hand  I  Ing  ijna  I  1 1  lew 

OiMitliiuing  the  I  liei"e  of  tlie  |iiovi()u»>  nectioo.  f  iglil  er-r  lawa  pet  I  nrinaiice  ler^tlng,  hiiinI  liieliirlii  bMiulling 
i|Utilllle/-  iiH  a  Hff  of  meahui  .iiiiin .  ilie  origluM)  dealgii  goal  lor  (lie  X-V'l  eouttol  Ihwh  vu><  (■■  luivi*  ihl'i 
highly  nnatiihle  iiirci'nit  e>.tilbl(  I.evel  I  liHiidllog  >iUH((tteH.  I'oi  <:I>«>«t  lie-  fimt  tlu«*('  and  one  luili 
Veai  H  ol  flvini*.  n>U<  Jlighiu),  the  X"2*i  exhlhlied  level  II  hoiidUng  •inakltlei..  Tlieue  IvhH-ihm.  desliahle 
laliiigs  well'  a  le.milt  ot  Kevet.il  pi  i 'gi  amii'iU  1  c  d»elNioiiK  lo  trade  de»-igM  lleiailoua  and  nvutiin  pe  r  I  (>rii>uiir  e 
tor  saietv  tunrgiu  mid  ctuit /acliediil e  i.avlng't.  I'li  eailv  IlighiH  Ihe  conliol  Kiirk  ii/iin-onv  w.iii  |Mdgi>il  poor 
lor  H  flghtci  alfcrnit,  Init  adequate  foi  a  t«’(boi>iogy  dvi,.oiiHt  rul  or .  Tbr  I  light  •oi.trol  avr.teiK  v<*1iin  lii 
pi*cli  and  ri'll  were  puiponelv  reduced  to  achieve  odded  miiiglii  ol  en*rt>  while  viil  Idol  |ng,  tlie  wliij*,  alriuluie. 

Again.  tb(>  t'ewii  I  (  I  iig.  pe  r  I  OI  iiiaiicc  r,.‘i^  iicceplnble  lor  ii  deinoiii.V  nil  or  hut  did  not  ii'piewent  cinieiit  ligbtei 
1  R{uili  f  11  C  i  e'i . 

'(be  nrlglniif  cnnlrol  atlck  liinl  >i  Ml  inch  frovil  in  plCi-b  >iiid  h  tiidi  titiVei  latetaily,  Thin 

uidiH tiTiiMi loiiH  ainiiit  ion  made  lateral  tracking  ditlleull  during  high  g  inimeuvvi'  and  cieated  hIow  pitch 
lenpurifte.  A  liajdwate  mid  liottware  cbiiugc  wna  inadi  aflei  flight  IHh  which  cut  •  hv  piri'li  throw  on  thr 
::ll(!'  ill  h.'ilf  while  !>;.i  f  :i  t  :i  1  n !  :ig  llie  I  i*s  !'c  gr::dlc!:t.  Th;  jillch  lusitral  print  t-;:::  .t !  Sasv  !  fntVMJ:! 

alioiil  one  Iticli, 

iollouliig  ilight  211  onotlxr  flight  l••olro1  ayttem  eluinge  wua  n.iUc.  IMtcb  and  roll  gaiiin  were 
liicreat.cd  to  }ieriiill  livtter  dvnnculv  perl  orii».ioce  from  the  ulrcrall.  However,  the  iMg.hl  g.  limit  of  ft. 4  Iwo; 
not  hern  lilted  ^liicv  no  htrucLural  inool  trat  Iuik  ever  been  cniidiicted  (thereby  lliiililng  lllgbl  Co  B(1  per 
cent  dehigii  Mtiilt  lusd).  Tlie  reNutla  of  gain  cliangea  were  a  41  per  cent  linprovemt  nt  In  Rvalliible 

I'lMKlmum  pitch  acceleriil  ion  and  a  4i)  per  cent  increitae  In  the  maximum  roM  rate  to  ;’?P  degreca  per  in’cond. 
f-'ig.uren  and  |2i  nlinv  the  reHulCa  over  the  0.4  lo  0.'>  Macb  itumhoi  rHiige.  Hote  that  no  aiiparanuU  gain 
cbniiges  ut  rr  made  (Reference  2). 
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handling  (inalliv  pllcit  evaUiaclon  tanka  are  lU'pIcted  ti<  l-'lKtire  !*>.  Tliear  cankn  were  perforrued 
oiilv  In  die  iiunnal  ili^xltali  ADO  {IIkIiC  control  Hyatcm  mode  wltli  the  up-'aiul-'fiway  k-'*^**  net.  lliey  were 
ricwii  wltMn  a  fllRhr  envelope  ot  10«00(t  tu  ?^»()00  feet  preaeure  altitude  and  ?IU)  to  4S0  knotn  corrertod 
air  npsed,  tu  a  maxlmuni  O.'J  Mach  numbet  .  Ki  all  cawsKt  the  clinae  aircraft  he^an  eltlier  apeclfled  lu 
random  iDaneuvera  and  the  X>2'4  pilot  rrnrted  ti>  ihein. 

Tlic  ronper-llarper  ratloK^  f‘*r  tbeae  tunkb  ore  preneitteJ  In  Figure  Ifi.  Itie  height  of  the  bars 
liullcatea  the  range  oi  rntliign  received  lor  each  raak.  Hie  hnrlTiontal  llncH  ahow  the  average  ratlngu  tor 
nil  oi  tlie  pllutn  performlnK  the  tnak  prior  tu  fligltt  lh7.  1'he  ellpaen  ahow  the  aveinxe  for  data  from 
rilglita  1R7  th’-nugli  ?n(  and  the  atara  show  the  reaultn  for  the  tlnal  software  tlowii  in  the  inllitarv 
utilltv  and  utility  illgbtB  alter  flight  2>1.  TIte  data  ahowa  an  overall  {niprovetient  in  handling  qualitlea 
from  Level  11  to  Level  I. 

The  finger  tip  lurmatiun  luek  whs  f  luwn  l>y  virtoallv  all  ut  the  pilots  who  t  lew  the  X-2'j  pilor  tu 
flight  lb/ I  n  tutnl  o(  thirteen.  All  plluta  felt  that  the  slick  harmony  between  Che  longitudinal  and 
lateral  avt-a  waa  poor.  I'hlH  resulted  in  ati  apparent  HlugglshueaM  lii  pitch  and  an  overcnntrul  tendenrv  In 
i'  •  lateral  dlroclltin.  In  general,  they  taced  tlir  tank  na  Medluoi-to-lilgh  workload.  !‘ulluviug  the 
control  Htfck  nudit  icatlon,  tour  pllota  rupeated  the  loKk  and  three  new  pilots  i  tew  It  to.'  the  tlrat 
rime.  CuminriitH  referred  now  tu  good  stick  haimtutv,  hut  perhaps  ton  nuich  aeusltivlty  (gain)  in  roll. 
Coopcr-Ilarper  ratlnga  for  thla  task  improved  I  r<im  l.evel  f1  to  level  I.  Tlie  fluid  7‘3  fllghca  ol  Ship  1 
liad  the  incrcaoed  pitch  and  toll  reupniiHe  gains  lu  the  tliglit  control  avatem.  t-iHiper-Harper  ratlnga  niul 
\'llut  conitiieotn  iciinlocd  /ihmir  ihc  aame.  Hull  leMpoiini*  wnis  horicr,  altluxigh  /«t  H  I  fiw*  iicnnltiv*'  nf 
eli'vateil  load  taitor. 

The  close  trail  t  u:  unit  luii  ti^sk  wan  V'arloimed  hv  eloven  pllotn  iiMliig  llie  otlgiuii)  rontiol  atiik 
I'unI  1  gurat  inn .  Aguln,  the  mick  haimunv  was  louiid  to  he  ii  little  finnoylnp.  Oiir  pilot  noted  that  "aH 
toll  raiea  go  np,  the  pilot  htmtH  chopping  llttii  hank  nogl*!  Inpola  to  match  lend."  Iliuiar  e'evatad  g 
nuMienverlngt  eiiothei  pilot  roiiiui«nt«d  that  hu  would  not  lly  the  nlot  poRltiioi  wltti  Lite  X-2'>.  Several  ot 
the  pi  I  of  a  found  a  small  ovctcontiol  tendeiu'V  in  pitch.  1he  LtMiper^lfarpei  i^ii  Inga  retlecfiMl  horderliite 
Level  I  hiindling  i|ua)itleH,  1l;e  cinitrol  atick  nuidi  l  tcut  Ion  wiia  miiilc  and  two  pllulo  ii-pented  I  hi  t.isk. 

Mne  other  pilot  flew  It  for  tlie  llrni  lime.  All  Hgiceii  no  ovcrcoiilrol  lundencv  exlaied  mui  aggrcHnlve 
pfich  InpniK  rnnld  now  !'>.>  made,  (fond  solid  I, eve!  I  rnllngK  wen-  given,  i'olltiwlng  the  pltch/ri<ll  responae 
llight  lonlrol  (iindt  f  lent  ion ,  tour  pllotn  rcJlcw  the  iHHk.  Itallnga  didn’t  appi  ■  <  1  ali  I  y  ilinngo,  .;l•Vl■l.ll 
ei>inii<f  nt  H  Indicated  lli.il  lull  liciuiHivJlv  at  ulcViitcd  g.  lo'lld  lu-  ilccrc.ii.cd . 

Two  Hepaiaie  veiMlonn  ol  tlie  nimuliited  ten  alii-lonowlng  toak  weie  pe  i  i  orrieil .  All  Mlghtu  pertormed 
with  the  oilglnal  coi’trul  allck  cunt  1  gu  i  a  1  ion  nawd  a  aiuuolh  puah-ovet /pnl  l-up  mai.envei  toi  ihia  tnak. 
icii  piK'ta  pm  t  Iclvalcd  and  all  hud  ptohieoiH  with  the  task.  Muiiv  autleted  Kti-a  U  p!  lot  -  Iniluceil  oacflla- 
tli'UH  in  pitch,  "Two  to  thivi'  hfgli  tie'{i»eocv  oveiHhoois  In  pfnh"  w.ik  i  lu-  most  -ii  ted  e  kpi  vkh  inn .  It  w.i«- 
Keoeiiillv  a  lilgh  Woiklu/id  l  .u<k  hecaunr  of  the  atrcijilt  lesponsp  Wipgiog  longitudinal  stii'k  iupnln.  A 
solid  Level  11  latlng  wan  at-algned  to  tiiis  task.  The  Hone  tank  wan  lepi-iteil  hv  tUiee  ul  the  jiilotH  (and 
Ivo  new  oi'i'tO  foilowipp  the  flttck  imuli  I  leal  Ion.  Ihe  ovi-tMliootM  atlH  04-<nrred  hot  the  plinth  weie  now 
(ihle  to  ant  (ci|i.-iLe  and  recovei  more  <|n1cklv.  I  at  inge  linproVed,  hut  weic  still  level  11.  Hie  hlggeM 
Improvvr'eiil  occnried  as-  a  result  ol  rhe  pitch  and  roll  gain  clmiiKeH.  At  the  same  lime,  the  task  wan 
ryilned  to  employ  «t<'p  Inputs  linonnl  of  aniooth  oneH.  Indeed,  the  litak  cliange  whn  Hienl  I  I,  rtitl  .  i  Uy 
vc'ltritn  X-/”!  plliita  lonnd  llltlo  dilliu-iicv  l>vtwei-i>  the  two,  while  the  Ihiev  new  plh'Is  t  oniul  tin*  alep 
input  L/ihk  cnslct  to  pctloici.  All  plli-is  i.ited  the  ntep  veiitioi  i>l  the  Ati-ailated  terrain  tollowing  t/iak 
Level  1.  The  I'in'II  iTUin«MtvvT  wu«  oIho  talyd  Level  I  hv  the  vetcums.  Inn  Icvi-I  II  hv  tin  mw  |)llot-.. 

Hii  t  i  na  I  task  lieini'.  reiuirled  here  in  the  it  I  i  -  t«>*’a  1 »  tracking  taak.  An  wftft  the  finger  tip  tviim.illo'i 
iti'k,  nil  ot  tlir  early  ptlota  tlew  llte  alr-l<>  air  iincklag.  Tliiee  dlilerent  Het'U«*H  w«ie  used:  In-tt  ill, 
'ig  target;  'h>  degiee  lieadlog  cr<iMHiiiv.  angle,  4g  targit;  and  I'tti  negroe  heading  ctoshIuk  angle,  4g  target. 
Lnopet -Harper  r/itingi.  aptienred  ((ide[-eti<lcMit  oi  target  aet-nit,  alihough  with  ho  insov  varlahleH  it  waa 
dilfnnlt  to  Inlriprot  the  itoniltH  Vfgnre  lb  Hhown  (luit  the  avciiige  ai-orea  ranked  hh  level  H  hnndling 
(pialllleH.  The  latk  ut  cuntiol  stick  hiiimoov  dlti  not  Hee<i>  to  alionglv  Inllnence  {he  pilot  nmneiitH. 
djictf  the  stick  harmony  waa  1  ii'pviive«l ,  three  K-?‘l  veterana  ;ind  rwo  new  pllotn  llew  the  l/isk.  All  thiee 
"eteraiis  ftnnid  gtoan  acquialtton  accsptahlu  and  lino  I  no  V  log  excel  lent .  The  two  gnpHi  pIluiH  lated  tlir 
Task  as  level  II.  following  the  pilch  nikI  toll  reRponae  I  nip  i  iivvineiil  h  to  the  llight  contlnl  tiyKlem,  the 
fi/ime  three  vecerau  X-‘JV  plluln  rellcw  the  tank  and  I  onod  tia»ro  li'ipi<»vcii,env .  "Limd  conlrcl  iunmonv." 

"Nice  roll  reKpmiae."  "Pitch  line  tiiuklng  wan  oHcellenl."  "Flue  trackh  iis  well  as  any  alt.-iatt  I  liavc 
tli»wiil"  And  (linilly,  1  i  om  n  guest  pilot,  "  Hue  Itorka  .ih  gi.nd  as  U'Mrrent  llghteral." 


puiH  Am:Li:-i)r-A'riAt:K  ti-shih: 

The  X  I'd  enpt  ignnit  Ion  is  novel  In  tli.ii  it  wan  deHlgm-d  tom  Inception  hy  (.rnmiuaii  to  lly  tu  high 
Miig  I  eU' ol -at  t  ack  .  I'liis  denlgn  ratpi  ( i  cinent  .  in  cuticeil  with  liigh  levels  ol  Knigl  ind  1  iri  1  lixHtahlllt/  at 
low  .tiigl  e  s- ii  I  ~ii  1 1 /ick  and  anhiaiitir;  npeetl.s,  detiiieil  I  he  lived  tor  lioiirxMital  fniielage  htraLea  at  the  I'oai  t/l 
the  afrci/iir.  IhuHe  stiiikvH  tiiuvc  tliv  ituler  of  prcaanre  ut  the  nlrcinti  hohtnd  the  I'enter  oi  gravity  nt 
very  laigr  ang  i  oa-o  t  >/ii  t  ack ,  tharrhy  eiiHurlitg  n  noR«-dowii  pitching  uioHienL  to  ellminet'e  the  pnaKlhlUiy  ol 
•I  hnog  alull  condition.  Wind  in.inel  tenta  oi  the  X-7V  hnvv  deintniairated  Ita  nhlllty  to  trim  at  angle-ul- 
atl»ick  Vliroiigli  /!'  ilegreos.  In  addition,  lateral  i-iiotr'*!  la  av.illnhle  in  *n»  lUgreea  AHA.  With  ihin 
combluat  loll  ut  low  AHA  liiHiahllltv  and  I  oiigl  t  ml  Inn  I  anil  laleial  control  power  to  very  high  MfA,  the  X  .'n 
1i:  II  iiti1i[no1v  urrfiil  vehicle  fur  liiveat  ignt  lug  the  applicntlon  ol  high  AHA  ni;ineuverahi  1 1 1  y  fii  lutnn* 
tactical  H { I c i a i t . 

I  he  \-J'i  I'.hip  7  high  ang  1  e-ul -at  l  ack  flight  tent  progrniB  has  piogrcnned  through  its  live  fnacllonn) 
teat  flights  (thlH  pa/ir  .Iiiiu  )  and  into  the  eiivvlope  expaiiHXun  |iiiose«  Ahont  iitly  fllghla  will  completely 
<iprn  the  envelupc  tu  tlie  I  I  Igiit  o])eiatlng  llmlte  on  the  wlreratt.  t>ncu  the  pet  i  orniMiice  envolope  Ih 
cleait'i],  ahout  twenty  iligl'ts  will  expl'tie  the  iiilliliiry  ntllitV  and  Hitillcy  oapnhi  1  1 1 1  vh  ul  the  k'-7'l, 

We  hhiiiild  t'oiiipliOe  thin  work  hy  October.  .mJ  ti>poi't  on  the  rernilts  hiiiui  ihurrraf  ter. 


CONCI.UDINC  RtmRK.S 


In  Buinaury,  X-2')  :>Mp  1  tedCln^  hatt  el«'irly  dsBiuti atrat«>d  tint  vlnhtlitv  •><'  flylnK  n  Itlphly  luiRfithle 
(orwurti  Nw«pt  wln^  aircrair  uaiti);  a  tlirae  aurfac*»  tligjml  flight  roiitrol  syoceni.  The  aeroelaHCicrtUy 
tailored  thini  composltet  supercritical  wing  perforncd  flawlcealv*  allywlng  the  alrcrali  cu  arliltfv(>  or 
exceed  Ita  ctanecnlc  pcrtormence  gouls.  Ship  I  teatliiK  produced  the  followinK  purtlal  list  of  atcompliHli 
ueiitn: 

o  I’ert  t>iinaiice 

o  Deliited  drag  polaia  over  the  X-?9  flight  envelope 

u  Proved  eignl/ leant  drag  reduction  ulrh  auloeallc  veraun  manual  camlier  control 
o  Proved  Biiparlnr  mducBcl  drag  coeltlclenr  over  froiit-lliie  lighter 
o  Kxceeded  dealgn  predlctlonn 

o  Luadu  KxpBnaiun 

u  Fxpaiided  envelope  Bynnetrlcelly  and  naymmei  rically  to  obtain  envelope  for  mllltjity 
utility  flight*! 

(j  Mil  liary  UCtlltv 

o  haiooiiatrared  l.nvel  I  flying  qualttlea  In  operatloiia-nriented  taskn 
o  InvcNtlgated  tighter  dglli'ty  inetrica  and  I  light  teat  techulqueN 

The  X-V')  Ship  '}  high  /OA  tenting  cui'wntlv  ninlerwav  will  rKvl.Hit  tlienr  arcah  ahove  Vh  ilegieeH 
anglc-nl  attack . 


V I'l  FKKN!:!*: 

].  Miinre,  h.t  mill  liel,  i).  ,  Futwnr*)  Swept  Wing  Ao.ndvnjiiiili*  Ov«*ivlrw,"  MAA  I’npci  Kl-lSlu, 

.Inly  li^dl. 

HnovMr»  A1  ,  hfalm,  MSAK,  "Agllltv  hllglit  Ttatlng,  A  I'rogrvan  r'lnl  AmiUH  I  Svinp'ifi  1  im,  ot  llu- 

Si.>rletv  i)1  I'nglnvei  lug  It'Hr  i'llnlH,  Septettiher  I'htft. 
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SUMMARY 

rii.  paper  in  divir/cd  into  thr>  •  parts. 

~'hc  physKS  o'  qunsi  steady  ocrodynomics  ore  discussoc/.  The  concept  of  an  aerodynamic  rise  time  /b 
fJoi'ined,  which  indicates  how  quickly  steady  states  ore  realized.  Long  rise  times  occur  at  low  transonic  speeds, 
duf  sdoft  rise  (<mcs  occur  ot  high  transonic  speeds. 

Predief/oos  of  control  surface  ctioroctcrisdcs  compare  poorly  with  experimental  results.  Experimental 
errors  are  pnsriibly  due  to  small  gups  and  wind  tunnel  wall  interference  while  ;n  tiie  thcoretfcol  mctfiods  Poundory 
In/cr  appro.fimations  may  be  su'pect. 

flic  Interface  of  unsfeody  oerudyminiics  wit/j  control  system  design  and  vo/ldotlon  is  dc.scfiPed.  It  ;s 
jjijjnlet/  out  fhui  t/ie  unsteady  acrody:»nmic  input  is  iiinilei/  tu  npproximote  ond  foilon.-t/  forms  of  linearized 
norodvoGniics.  It  is  not  clear  haw  more  accurate.  non-/in4*ur  transonic:^ orrodynomics  con  fac  Incorporated  In 
cuntrol  design  procedures. 


INTRODUCTION 

Jhc  topic  of  control  sur/oce  cPuroc tcristics  in  tioth  .steady  nnd  undeedy  conditions  is  u/i  extremoiv  wide  one 
vvit/i  on  i.xtonsn'c  /Iterntorc  und  folk  lore.  M  is  therefore  necessary  to  l)e  seiectivc  here,  concenti otlng  on  some 
current  prob/em  areas,  biased  toward  the  inlcvcsts  of  the  authors,  and  suggesting  future  d/rerfinns  of  resenrt  h. 

rti/ec  ureas  wifi  be  discussed: 

(i)  pbysiLS  of  c/oos/- steady  oetodynamics. 

(ill  comporison  of  prediction  wKfi  experinicnt. 

(i/ii  intvifui.e  of  unsteady  aerodynamics  with  control  system  design  and  vaf/dulion. 

Onf>  ottncfiefi  flows  or!.-  fcmsidercd  in  this  poper  because  of  iimitotions  of  (tme  nnd  '.pnee. 

Unsteiidy  stporoted  flows  deserve  onoflier  prcsentotion  whitfi  the  outhors  are  prepared  to  dive  on  onotfier 
decus/on. 

Uin  pre«t7itot/on  builds  upon  the  contnbvtions  of  both  ouliuws  to  the  /\(»Af<i)  Specioi  Coinse  m  lOOJ  on 
Aerodynamu’  Chorac  ter/stics  of  ControlsC*'^^  but  im  /udrs  sonu  contrmporary  developments. 

II  PHY'ilCS  or  OUAbl  Srf'AOV  ACUODYNAMIC.'i 

II. I  INfRODUCnON 

I  irsf  It  IS  useful  to  clarify  whoi  is  ronve/itninatly  iifi«/*Tstuod  by  unsteady  iierodynoinns.  l/nsteody  nerodynnmifs 
lire  nssoi  mted  with  lw<i  type-s  of  i.-n>lcndy  idjt'on; 

III  when  (i  boily,  eil/ier  n  component  such  us  o  wing  or  a  conip/cle  utreraft,  is  in  unsteady  mot/on,  fur 
t'Acn/ple  structural  vili/utjons  of  a  winq,  or  on  oircrufi  m  n  transient  inunacuvrcf 
III/  when  0  body  is  in  steady  motion  but  unsteady  se/nirotioie.  lend  to  buffeting. 

I  he  much  hi.;ticr  fregutjncy  un-dcodmess  nssonolcd  with  oruustir  noise  or  furbu/cnce  is  not  usually  considered 
pari  of  unsieady  aerodynenucs  uparf  from  their  iof/ocncc  on  the  low  frequency  boundary  loyer  nnd  wake 
rfevrlupnient. 

fhe  drfinttton  of  steady  und  unsteady  niotian  nerds  core  m  inferprctafion.  The  ae»«Mtynoinlcs  osso-  nifi’d  ivit/i 
«n  nircrafl  in  a  '.fc.jdy  pull- out  inonoeuvie  ul  o  constant  velocity  in  n  stlfl  nlmuspherc  ore  sfc'ody  rr/utive  to 
asi-s  fixed  in  the  aiiLfufl  but  unsteady  relative  to  axes  fixed  m  siiace.  see  Tig.  t.  It  must  be  remen.fii'red  that 
me  biis‘1  equafians  uf  ucrodynannes.  the  Nuvicr  Stokes  eqiiulion,,  are  fonnutuled  m  trmi-.  of  inertial  o.ses  fi.\o<J 
in  space  am]  thof  there  is  always  on  oxis  transformation  involved  in  using  any  other  axis  system,  Lsscntially  on 
unsteady  motion  arises  when  the  mothc/nafical  forinutolion  of  that  motion  cannot  be  resolved  nto  time 
ledepf'ndenf  eguotions  oud  boiifidory  ( onaifions.  The  oisrintiian  bciween  >i\-uuy  and  unstrody  moticre.  arc  not 
a/wfjys  cli'Or  i.ut,  c’,p> ’tidily  wbrif  viscous  e/fi-cfs  ore  included. 

I JUtiliftiOve  dcsi.riptious  of  unsti-ndy  urrodyiuimn  -,  arc  norniady  given  in  terms  of 

(i)  moil  ml  niDliuM',  f(j/lowing  a  roaid  chnngc  in  wing,  o*  «  ontrtil  displa».ci<’  fit.  ti.i/tifly  e.  sfej)  displm  enient. 

(i/f  iisci/iutury  niofiuns  whi’ii  a  wing,  or  contro/  '.orfaie.  is  om  it/nting  in  snnpie  tiarnmnn  inotmu. 

A  rideri'iKi  unit  of  t/r-i ddynuniff  time  t  is  f/»e  lime  foben  for  ti'r  relative  «i»r  stream  f  U  m}'.  )  tu  trawl  the 
{/nloinf’  of  one  nu’iiii  iliard  length  (f  ni  ),  so 


t 


T/U 


seconds 


(1) 


14*2 


IV/tl)  typical  nuinbcrs  at  a  low  Mach  number, 

c  -  3  m.  0,3.  U  ~  1 00  m/s.  then  t  r.  30  ms.  (2) 

For  low  aspect  ratio  wings.  AR*'i.  the  span  (2s)  should  be  used  msteod  of  c  In  equation  (J). 

Unsteady  motions  and  their  aerodynamic  responses  are  expressed  in  terms  of  non-dimcnsiorial  time  t.  wht‘rc 

t  =  t/t.  fJJ 

-A  ramp  change  in  control  surface  angle  at  o  rote  of  200^/s  is 

(t)  =  200”t  =  6**t^  (‘f) 

so  with  the  above  numbers  in  equation  (2)  the  control  rotates  at  the  rate  of  6  in  the  time  tlif  free  streuin 
air  travels  one  mean  chord. 

For  on  oscillatory  input 

U)  ^  l^sin  at  -  ^  hw{oL/U)t  ~^sinyt 

where 

^  --  frequency  poramctcf  -tOefU  -  2'^il period.  (6) 

A  frequency  parameter  of  I.Q.  with  the  numbers  of  equation  (2),  gives 

V  -  1,0^  frequency  -  b.J  Hr.  ( // 

An  olfer/jotive  njcosurc  of  non-dimens/onai  frequency  »s  the  reduced  frequency  k  (--^/2}. 

A  questmn  of  relevance  at  this  Conference  is 

'what  ore  the  values  of  rarnp  rotes  ami  frequency  porometers  when  unslendy  acrodynom;/’  effects  need  to 
tu  he  to/cen  into  account  ?  * 
or  aJfernot/ve/y 

'be/ow  ivhot  values  of  romp  rates  and  frequency  purometers  can  unsteady  oerodynurruc  effee  effects  be 
neglected  and  qunsi-stcady  assumed.^’. 

An  attempt  is  mode  in  the  first  port  of  this  lecture  to  answer  these  questions,  and  to  clarify  such  phrase:,  os 
'fast  acting  enntro/s'  which  may  be  fast  in  real  time  os  far  ns  on  actuator  is  concerned  but  whn  ’i  could  be 
slow  in  terms  of  aerodynamic  time. 

11.2  STEF  RESPONSE  AT  LOW  MACH  NUMliEKS 

Consider  first  a  symmetric  two  dimensional  aerofoil  with  a  troiiiuq  edqi*  conical  surfurr  in  n  low  Mat  li  number 
stream,  (see  Fig.2}.  Suppose  of  time  t  equal  to  zero  the  control  surfotc  ts  suddenly  displaced  through  an 
enqie  .  t>urh  a  sudden  displacement  is  not  physicohy  passible,  nevertheless  it  is  u  most  usi  /ul  com  ept; 
rnafhomatico//y  it  is  a  fundamenraf  concept. 

The  sequence  of  aerodynamic  developments  which  follow  os  time  7  increases  arc  skrti.hid  m  hiq.2. 

(i)  (or^very  small  time  7  o  starting  vortex  builds  up  just  beyond  the  trailing  “dge; 

(li)  at  r  ofaout  0.25  the  starting  vortex  leaves  the  Iroihnq  edge  and  converts  c/ownsfreuni  with  the  free 

stream  velocity  U; 

(iii)  vortlcity  IS  contmuous/K  st»ed  from  the  trailing  edge  ond  is  convcctrd  downsti’cani  with  fht.’  free  strciun 
velocity  U,  forming  a  vortex  sheet  connecting  the^staiting  vortex  to  the  fr(u/'ng  edge; 

1/vj  o  time-varying  circulation  oiound  the  oerofoil.T’ft/,  is  generated  which  tends  to  o  stetjdy  sinte 
Te  (»  "PCoc)/  os  7  tends  to  infinity. 

The  probTnu  is  to  deferm//»c  the  time  vorying  circu/otiort  Mtf.  und  iiencc  tlu'  lime  varying  forces  on  the  uerufoil 
and  control  surface. 

Using  standard  vortex  lattice  theory  T* (t)  rnii  be  estimated  approximately  by  cancentratiuq  t/ie  loiul 
circulation  T’  (T)  into  a  line  vortex  located  on  the  quarter  chord  //ru*  (  i.e.  cfd  aft  of  the  nerofoil  leoduir/ 
edge)  and  the  satistynn^  the  boundary  codftion  on  the  three  quurier  line  (j  e.  Jc/4  oft  o/  the  ncrufoil  /ending 
edge).  At  small  time  t'^O.25,  assuming  that  the  storting  vortex  is  loi.uted  about  c/a  ufr  of  fhr'  trailmq 
edge,  and  re/nenibering  (hat  (he  total  circ.uiation  around  acrofutl  and  wake  remains  rero,  tiy  referoMce  fo 
i'ig.3(i)  both  aeiofoil  circulation  and  starting  vortex  contribute  cqualiy  tv  the  downwash  on  tin'  3l/<i  line,  'n 
the  final  steady  stole  o(  large  time,  t-*^**.  only  the  aerofoil  circulation  T^Coc^  of  fects  the  flaw  nhout  the 
aerofoil.  Since,  for  u  step  input,  The  downwash  conditions  rernaiii  cnristunf  mdr'pendent  of  tune,  it  lo/lows  from 
Fig. 3  that 

PCt-o.ai-)  -  ro^^/z.  ,8, 

Thus  the  initial  lift  o(  small  time,  f -^0.25,  inC'Toses  rapidly  to  hedf  (h»*  final  st ‘.ady  s(ot«*  lift. 

At  large  time,  when  is  of  the  order  of  50,  since  most  of  the  shed  voilicity  is  cunct:n:r,ili’i!  wiUini  o 
length  of  .Of  bohfnd  the  starling  vortex,  the  centre  of  the  shed  vorticily  will  be  a  d'ttoin.e  np/jioxi.untely 
(Ut  3cJ  nft  of  the  trading  edge,  bcormg  in  mind  that  the  starting  vnriex  itself  conttur'S  half  the  tutu*  shed 
vorficity.  Thus  by  relcrenee  to  Figs.  3,t\  the  downwash  condition  on  t/>e  3i /*i  line  is 


dnwnwush  , 


l-J-3 


w/j;ch  leads,  for  forge  t.  to  the  osymptottc  bdiavour 

fet)  —  '/zb) 

A  Simple  formula  which  sctiifics^  both  equations  f  $.  JO)  is 

rcH')  -  TV»o)Cl  -  iAc£-0) 

so 

I  Ct  '  C.90  when  4, 

0.95  w/jon  ^  9, 

0.99  when  C  -  49. 


HO) 


(h) 


An  aerodynamic  rise  time  i'>  defined  in  this  paper  us  the  time  to  reach  99%  of  the  final  steady  stctij  vuluc. 

So  the  rise  time  for  the  fwo  dimensional  control  surface  deflection  is  about  SO  f  (i.r.  /.5  i  of  O.J) 

As  Shown  in  Fig.  k,  because  the  downwash  induced  ul  the  aerofoil  by  the  wahe  vorticity  the  resvitard  force 
vector  is  inclined  aft  giving  o  drag  component.  This  drag  component  manifests  itself  js  a  lug  in  the  build-up 
of  the  leaaing  edge  pr^SiUrcs.  i.e.  in  the  leading  edge  suction  force. 

The  above  approxirno.'c  approach  con  be  extended  to  [iniiu  wings  using  shed  horse  shoe  vertices  in  the  wake.  A 
simple  nno/ys/.s  give's  the  build  up  of  circulation  os 

=Ko<.)(^l  -  '  112) 

The  numhrrs  15  and  3  in  cquatnm  (121  depriid  o»  rts/jcrf  ratio  hut  not  sion/icunfiy. 

Fur  a  finite  asp:ct  mini  wing  the  lift  bunds  up  as  fl/t*').  nmrn  more  rauidly  than  fni  tUe  two  diint'n-.iunul  case, 
which  builds  up  as  (l/t). 

Acrorditig  tv  equation  (12)  the  rise  time  (ur^o  wing  u/  uspecr  rt»tiu  J  is  abatn  kt  (  •>-  O.Us)  ten  finii’S  fiisfi.T 
than  for  the  (wo  *.'Miiefis/on<ii  aerofoil  a!  'lOf  (  i.5  s).  Hynomic  effects  at  low  Mm  h  niimbnr  are  niU(  h  /e*^ 

pionounccd  on  wings  of  finite  ospe-  f  ratio  than  o*i  fw<>  dinieesioiKil  ocrofo.h.  These  trends  arc  shown  in  hig.S. 

I  wo  basil  flaw  features  contribute  to  the  lug  *yffect  at  low  Much  numbers: 

(i)  (be  /orfp(j(iii/i  and  'onvcctiiMi  vf  wahe  vorf'Cify; 

(;iJ  (he  (almost)  instuittaneaus  induition  of  downwash  at  the  aerofoil  by  the  toinplcte  ivu/u;  vorticHy 

ul  cfiCb  f/isluiK  of  lime  os  leipUftl  by  cvu<i(»oM  (U);  when  \  the  speetf  of  p/opc/yufiun  of  i/»f cj/ inof »un 

by  siji/ne/  wuves  r,  su£»bf<in(/(i(/y  higher  than  (br  free  streom  vr/ot  ify,  so  the  transfer  of  infoi  fDatnin  is 
f(i/inosf J  instij/jti.'ocous. 

ILi  S/7;'P  HtSI’ONSC  Uh  A  liOltNOAKY  LAYLU 


flic  previous  section  hg.s  Ueeti  eaiiceincd  cssentiully  with  invisiid  response  <  haiiu  terisin  s  ut./v/>uw(C(/ying  (buf 
local  viscous  effects  are  r , .‘Sponsible  tor  Ihe  tiaihng  edge  separation.  It  is  some  /fi(<*/<'sl  fy  fis'je’ss  the  sfr/i 
n.’sponsf*  charucteriitii  s  of  boiiiiilary  layers. 

In  iiiLt'iiiprcssiOlc  Now  when  an  inlinite  i)(ol<\  loiiiuby  of  test  in  a  visious  fluid.  stidticniy  movi'd  paralh:l  i«> 
itself  with  a  {(JO‘;fanf  velot  itv  (A  a  boundary  layer  tlilfnses  oulwiirds  iiuhimiI  froiii  llu-  pmte  surface,  farnunn  the 
so  called  btokes  layeiC^},  as  shown  in  Fig.b. 


! hr  basic  equation  vf  motion  is 

^  y/  y<A. 

ly*-'  (li) 

wlure  y! '  is  the  kiiuiu  ilu  visiosity,  wiih  iMundary  loiuhtious 


u(y.i)  O,  t  U.  iil'.'.l)  N.  y  (>;  o  •  •►(>  os  y-^-ou^ir  (  >  O. 

(/)«'  s<)/i.'(0'0  III  I'litiiUuin  tit)  IS 

Tv't 


-‘fi'-  -0-4-  r  v-v) 


(I  - 

Thi-  time  tiiiv-n  tor  u  bviindiuy  '  thn  Kness  ^  la  devriap  is 


( J 'I ) 


lhi‘  tilhir 


/,.V^ 


l  lUMCS 


j2  rY'f- 

tiixii  I '.’hit' 


I  w 


■ 

V  ' 


nf  thr  '.f<wo<;)/</  t.Tiiir  fun.  tion  n 


eqijatii./i  (If-:. 


(15) 

tuhfog  (uf(i)  O'jim/  (o  0.99. 


'  vnsidi'i  nil  aei'ofvil  of  i  hnrd  «.  initiaUK  stiitioiinry  in  slotionmy  oir.  w/;i:b  is  (Ik'ii  niovd  furwoid  •^mhlenly  wiln 
•(josfiiuf  vf/ocjfy  (/,  // ^  r.  Ihe  \ti-ady  i'«>of»i7urv  layer  thhkncs*  :i(  the  iraihug  edge  aftei  u  long  time,  the  time 

for  till'  hvuiulgry  Inyrr  lo  huihi  up  (oi^is.  from  cgualioii  (15)^ 


KfcXf  nwrv  ^ 
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I3y'  <= 

/■ 

w/j<TO  I  (~c/UI  IS  fho  sooic  un/t  of  a^^rodynomic  timr  ns  </int  iiso./  cnrlirr. 

With  (j  turbulent  baundniy  layer  an  eddy  vhcosity  rcprcicntatfon  forv^con  bo  tnhfii;  far  t.-xarnplr  th>’  Cebrri- 
Smith  (annulQ  is 


t3V 


:  16,' 


_  ur  ^  uL . 

turfcu/4U./-  500 

f'urthcrnio! L,‘  thp  rtjlia  /i:  would  bu  expected  to  be  uf  the  order 

Ss/^  ^  O.  0,2  . 


fl7) 

(13) 


Hcfico  from  equations  (16, /7,  f8J  tfn;  rise  time  for  <»  ljni»nc/ory  hivrr  is  of  fiir  '»rrfcr  of 

t  ^  (  c.  t  ,  (19) 

which  IS  siyniTiCunt/y  sniollcr  tlian  the  icivi'tcid  response  limes  s/iotvii  in  .‘iq.5,  even  for  the  wing  of  aspect  ratio  X 
It  would  be  expected  that  this  hoiinJar)'  layer  r.se  time  jvDij/<f  he  indcpondfnt  of  Otpect  ratio. 


On  tht;  basis  ol  these  response  tones  the  separation  detoy  in  «  lypicof  fiynnoii«  stott  is  due  primonly  to  (hr  log  In 
the  huild  up  of  the  Icadiiiy  edge  pi  r's’.ures  in  the  outer  invist  id  f/ow;  the  viscous  bimndai  y  layer  behaves  m  u 
quasi-  steoiiv  manner,  unsteady  oftects  in  the  boundary  layer  itself  would  he  small. 


n.'i  k'am/’  iNrurs  or  rkAiLiNo  ldou  control  sui'i-acls 


Next  consider  a  romp  input  ol  o  trailing  edge  control  surlute  ovtr  n  finite  /imr  I  (  ■  ft)  K-hfr-" 

7(^3=  o  .  t-'o. 

=r  ),  a  <t'^  »,  f20) 

J--  ,  L>'T\ 

The  lift  build  up  fur  two  romp  rise  times  T  0.  20.0  for  u  trading  nlqe  i.nntrn»  surfai.e  on  n  two  lUnwnsional 
■lerofoii  at ore  shown  in  Tig,  7;  there  is  a  noticeoMe  lag  even  far  the  longer  rump  rise  limr  of  /  20.0, 


A  quasi  steady  aerodynomic  response  is  one  which  £o//ow.  t./os(4y  flu-  ir'pul.  in  g<ncf<it  n  qtiosi  strody  nt  ra 
dyiiowu.  response  occurs  when  the  ramp  rise  time  T  is  greolcr  Ihon  the  nerm/ynoniir  rise  t/me,  ns  ilefineti 
earlier,  /lerice,  /or 

/  >  50  (T  >  1.5  s)  for  two  ilhncnsio'ial  otfo/od. 

7  '  <1  (]■  ‘  0.12  s)  for  AR  ?  wing.  ^ 

are  mdii,  iitiv(<  of  quasi ■  steady  aerodynamic  frs(Minses.  At  the  t  iul  of  the  mmp  nsa  tune  i.e.  wlien  t  I,  H'l' 
lift  response  should  he  within  of  the  final  steady  state  vuli/i-. 

With  on  ocfudior  rufe  of  700^/s  o  «:o/i(rol  <ie.plocn/H‘.*fi(  oi  .1'i^  toKes  oh  ml  0.it»  s,  wITuh  vv.mM  lie  gi'usi 
sfendy  far  thr  winq  at  aspect  ratio  },  t'uf  not  for  (he  two  flimetisioiiui  onofwif. 


II. s  srer  KLhruN-f  at  sui.tsc.i<iiiCAL  srci.os 

Now  consider  the  si/ddc/i  dispUiecrricnt  of  a  tiailim/  edge  cinu'tul  suifm  '•  •»!  n  liighcr  frre  stteam  Marh  nin'ibi'r 
but  where  the  flow  rrrnuins  shuck  free.  Ihe  basu  How  iiiei  hu'iisnis  on  .till  llie  sunn*  us  !ti«  se  ifest  idieU  nf 
low  Muf.li  niiiiibei  s,  nanmly  the  fyrrnution  and  conve'etion  of  a  stu/luia  vortex  and  '.uli-.eipieiK  wu/u'  vorimiy. 
i.'id  Its  lonveUiofi  (/ownsfr<.’U/n  wif/i  (he  tree  streoni  velOt.ily.  the  .ii.piuf uni  dilieicino  e.  (tiui  nmv  (Inn  is 
un  ni)<li ri(»//nf  lag  due  to  the  finite  tune  of  upstream  prapngation  of  mfui mufici/i  from  Kie  iJ«-ve/ijfiin<i  waT'  to 
(he  M’lofoil.  riu’  forward  prai>ai)iHion  speea  i  tti”  sptu’d  of  snnnd  iiiinns  l/n  fre*-  sttram  vrhuity,  as  shasvn 
in  f  ig.  H. 

I  01  n  two  liiniensitinul  ucrofui/  (tie  induced  downwnsh  ut  f(K*  tierofoif  o'  (iin«-  (  is  tfj.'  un  uuin/tirt'cf  ctfeH  id 
I  wo  (/inierisionu/  iii.iJi/stn  wiivi.'S  wfm  h  urisi'  rfurini;  (he  time  inleivol  ()'^(''w(ii're  ('  is  (vofuuli’d  frcni  tfii' 
(Uiiditio/i  (hot  when  ttu;  stuTing  vortex  is  dislunn?  lit'  dmvnslrc-n/n  of  (tu-  ‘jriofnif  (rndi/ig  et/ge,  •.oiiiiU  wuves 
from  f/;of  forofion  muh  tfir  tiadiiuj  ecfgr  ot  time  (,  hrnc  e 

t:  =  L'+  _  „  fc  ' 

a„Ci  “i-'m...,"' 

So  in  eguufion  HI)  f  run  he  reptmed  by  (til 

-I 

'Jii  this  ijrgutiie/it  (fie  aerodynarnu  use  tune  im  ri  nses  os  ii  lottor  of  (/  Wo<»^  •  t  nti  nfntiure.  for  (svo 

f/iiii<vriioiiiif  uerofui/s  f(i/fuvv  (his  tiend  o>  shown  in  ('ig.  ‘.J. 

I  Ih  III  luni  iiu‘(  tiuiiisiri  ir,  soniewfuK  imirr  (  iintfiln  nt.^it  Ihon  thu(  niKline'/  nhovt*  lu  tfie  s<*i;se  fnol  t/l:’  iriiigi.’itia/f’ 
(jf  (tie  downwosh  at  thr  urrofad  ut  time  t  lirpendcd  Oflv  on  Ihe  pnsiliuri  ef  (tie  stuiiing  vni  te.'t  wlit  n  il  wns  a 
disUiiK  Ht'ult  of  tfie  u'uifing  edge.  I  irstly  the  sfri-iigf(i  of  (tie  wove-,  rent  iiing  tfn-  niTofoif  decieasr  us  Mi.'.fi 
fiuititier  ini reuses,  hecundiv'  two  dimensiono/  misfit  wovcs  hove  '(nils'  sn  nil  of  the  atuu-,In  »v(H'''S  >/<'neiu’ed 
in  (tie  wofti'  during  (he  whole  tune  mfervul  ()—►('  contritmle  to  ■ni-  dusviiwMi-jii  n(  tlnir:  t. 
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It  should  be  notvd  that  the  time  lag  for  information  to  po5s  from  t/ie  trailing  edge  to  the  leading  edge  hccomos 
significant  as  increoses:  for  example,  at  M  =  0.8  this  time  lag  is  Ht. 

Although  the  non~diniensional  aerodynamic  rise  time  increases  by  (1~M^  /**  the  unit  of  acrodynuimc  time  t 
(=c/UJ  also  decreases,  so  th«'  /ncreoscs  of  the  aerodynamn  rise  time  in  real  time  is  nut  so  pronounced.  For 
cxQinpIc  quosi-steady  jcrodynaimrs  ran  be  assumed  for  Iaio  dimensional  aerofoils  for  ramp  rise  times  greater 
than  ‘  ^ 

50t  (1.5  s)  at  .  0.3 

n5t  (2.0  s)  or  0.8, 

rile  vciliution  of  the  time  lag  for  ij  (ir.itc  wing  cf  aspect  ratio  about  3.0  with  mrfc*os»’  in  fr^c  stiei'in  Moc.h 
number  M*o  is  not  so  clear.  Since,  of  /cw  Mach  m//rb<*fs  it  is  the  spr.nwiso  flow  which  domine.ti  it  might  te 
expected  that  the  aerodynamic  rise  tin.e  cf  ci)cwf4r  will  he  little  affected  l.y  increase  in  of  sub’-oa/c  speeds. 

The  ferwofd  speed  of  propagaticn  cf  information  fcoir.  the  traiiinif  edge  to  (/•<  Icacintj  edge,  whi^h  is  of  the 
ufdir  of  ST  at  •  0,8  may  ose  tft?  aerodynamic  rise  tune  slightly. 


II. b  COMTARISON  OF  SILP  RLSFONSFS  Ai  SUliSONIC  AND  SUir.RSONiC  SPCLDS 

Hefore  consirionng  step  responses  erf  tr  msoniL  spends  it  is  useful  to  consider  the  step  responses  in  subsonic  und 

supersonic  /fow5  ol)0»rf  cgi/Of  <o  /  0  m  t'le  ohsvncv  o(  shocks,  i.r.  ossannng  finean/ed  theory, 

fiy  reference  to  Pig.  10  when  the  fiow  i-.  .,ubsomt. ^with  inlurmution  is  propngnteil  upslreinn.  Only  wtien 

all  of  Ihe  informutiun  from  the  deflertid  rnnirnl  snrlat.e  and  the  hilly  ilevidaped  wake  nyailit's  the  whole  of  t'lr 
tii-rufa!'.  will  steady  conditions  be  atiained. 

However  when  f/ ^  is  supersonic  (he  situation  is  totally  dilfcrent.  Now  the  lug  cffetl  is  due  to  the  downslrcnm 
propogiif fon  of  irt/orMiofioii  from  the  lending  edge  of  Itir  conltol  stirfaci'  to  us  trailing  edge,  '^ileudy  flow  will  he 
ijttained  when  fbr  aft  pni  t  of  the  sound  Wijvfs  fiom  the  control  surfon:  lending  edge  reai.li  the  tiniling  I'llgr. 
only  the  deve}o()n\en1  of  the  flow  oM'r  the  tonttnl  is  ii‘levaiil.  tUrie  is  no  wnkr  I'fhKt,  ni  !,  /  ffic 

oiYOdyfifjiiiM  rise'  tune  is  of  the  orner  at  icoatrol  cnord/O.t  Q^),  whnh  is  ahaut  l.fd  fur  n  K)':,  lorilrol, 

ri'/cifivc/y  shari  nc/  odynamic  nse  lime.  Ihis  supersume  (iciujyn'uiiic  rise  iimr  will  lu-  ifn/i-prfiiletit  of  uspfc  f 

rafio. 

ApporL-Nl  ly  l/ii'fe  is  a  nio/or  i.fi.i'i.p*  /,i  aerudynnnui  rise  thin-s  Ironi  the  ixluunrly  huig  wlun  shgluly  le  .s 

than  J.U  (a  //».'  ctfre/rioly  .s/iorf  is  s'lghtly  ijieutrr  (hitii  l.V 

'he  rvdui  tiud  of  the  effect  of  the  wake  Iroin  subsoon:  (u  supersuiiH  londitions  is  o  loofinOum  onn  i-ss  ivn/i 
IM  Mach  number  on  the  or'iumeiit  that  in  the  subsonn  Kose  os  wovi's  propagnie  \/'>w/y  </p,r/«  tnir  l/n 
‘ifrcogt/is  of  the  u  .  's  diminish  with  tiuir  of  iirupugot ion.  hrnce  ll*e  sf/'*ogf/is  of  j/iv  ivov  le'Uhing  f/ii*  <it'/tj/io/ 

froiii  tiv  wiihe  will  (end  to  icra  o.  M  -^I.U, 

c»« 

me  I'rusons  tor  these  large  vurnitions  tn  aerodynnitnt  rr.e  times  an  not  nllogethei  umletsleog  As  ./i-m  nfifi/ 
itL’Xf  f/u’st'  ore  umidified  by  non  lineni  «•//••.  is  m  nuil  traii'onit  flaws  when  shot  k  vvoi'cs  Nppi-or. 


II, f  <rF.P  Rl.5)'ON^L  AI  fRANSONK.  CLLDS 

Aoiive  (hi:  suhi  nticiii  spvml  at  subsonn.  sfit.-i  e/  super  so/ik  regions  appiuir,  imnffy  fi*ffr»n>irf  eif  hv  •hoik 

waves.  A  trntalive  ejcp/jriyfron  for  tne  step  «<s/iiirise  irrn/er  these  (ondihons  is  given  heiow. 

When  o  s/iirc>>  wnv>'  system  stands  in  front  of  the  huidmg  «•«/./,•  m  Hi,  mitiul  steady  •.fofe.  ns  shown  n:  /  ig.ll, 
ilU'  sudden  daployroeiit  of  n  trailinq  edge  r.orifroi  sUi.Mi.e  wilt  genenite  inmoU  x  -.ysi«*,os  of  wov-es.  /. n/ionsMWi 
wave  ^  (nan  tfir*  upper  suifiue  of  the  iimtiut  will  move  foiward  rapidly  in  the  sir/nonn  region  oft  ti,e  uppei 
MirfiK  i’  /loi/i,  i(’(/iri./ri«;  the  steength  of  this  shot  k  nnd  moving  it  lithkwotds  (the  nil  mrilio/r  le./rnes  rfs  ^fren^^f/J^ 
<)f‘r<v  (•s/j<in-(or(  vvijvi's  travel  up  nnd  ovtg  the  supersonn  ivgion  to  niteil  •om/rfron*  on  tbe  sunn  /rrn'  orn/  f/ii'ii 
nifei  f/;r  supn  ;,„iic  legioil  itself.  Opposite  e//ecf‘.  oi  <  or  on  ihe  iowet  .lr.•/«rl«•. 

this  mitinl  piii  knge  of  waves  will  be  fof/mveii  fry  wove-,  from  fbe  sfiirfoM;  vorfe's.  ffie  /nw  i>iessurr  r,  gnni  »rt  the 
Vuifi'X  feVi'  Will  generott:  ijioie  expori>/orj  ivmn’.s  ui'er  Ih,-  neiitfod  iifnier  suilott-  while  [he  seiiortitmg  flow  jrotn 
ffie  Iraihii  )  edge  will  g-'.iiernu:  iiune  i  otnprassion  waves  over  the  anolml  lower  -01/0x0.  this  combination  of 

rxpnnsiun  wovi  s  and  conipi  essUm  waves  is  the  ine,  hnnisin  fur  rm  fe.jsirig  Hie  « »r.- n/of run  oroond  ffit-  «M  io/oif. 

It  Is  su,igi"ird  tlun  the  mmbtnat lun  of  waves  ul  '-mall  time  will  indme  u  /»jn;e  o/f  niofion  0/  r/?r-  i/ppei  ••or/tiii. 
sfl'n  h  III-.;  It  .nitn;  furwur.'  'nroion  of  Hi,-  lower  M/rloie  shut  k.  As  tin-  *forfir}</  S'orfes  /eoves  (he  Irnilnitf  edge 
re, poll  nnd  ninveet.  'Jownsti  com  the  upper  ••nr/nte  sliut  niovi*s  •.fow/y  httwaul  to  jls  finnl  steady  sfiife  (K/'.r/run, 
iioi/  Ihe  lower  sorlni.e  shm  k  similarly  movci  aft. 

ix  f  fiosi  0/  r/i.'  bniner  of  ihe  nnbedih'd  snper'.t)/;i,  ri-<;nur  tu  itu:  upstream  propngatiun  0}  ro/o;rticjf(on,  f/ir-  etcro- 
dynamn  rr%e  (iint's.  re/olivi;  fo  lineun.-ed  oero'/ynornn  riM’  fniii's,  are  ,o/rir/ic  nnf /y  iriin'osec/,  fiv  o  fiuin'  o{  as 
shown  1,1  [he  riexf  /nrii  en  cm  rf/oi'u* y  /no/rni's. 

At  hi  dur  h'•’lsne|l  M.n /'  luiiiti'ers,  whm'  the  imtml  steatl}  state  slu  eks  on  h  i/fi'if  1  /I'M*  ft.  He 

li'iuhng  e‘*i.i',  rjs  ',1’im-n  m  /  o:.  f/.  (he  ili /i  r  espniisr*  n  'imihli  fi  tint  shown  in  /  ig.  (((  wiffi  o  •.ir|iersi,/,ii  lire 
stream 
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Co/cufof/uns  from  contcmporory  computational  aerodynamic  codes  for  step  respo/ises  at  Irnnson/c  speeds  ore  not 
readily  available  because  of  numerical  difficultic:.,  Hdwards^reports  some  ca/Lu/ar/oos  of  impuliivc  pitch  responses 
tut  there  are  doudts  on  the  ri%c  t/mes  deduced  irom  these  resu/ts.  However  useful  cstimutos  o/  uerodynumic 
rise  t/mes  con  bu  obtained  from  oscillatory  responses  os  f/csci*»bod  in  the  next  section. 

II.  8  OSCILLATORY  MOTIONS 

The  aerodynamic  characteristics  of  oscillatory  motions  comp/emenl  the*  aerodynamic  characteristic ^  nf  step 
responses  in  developing  overall  understandinq  of  unsteady  aerodynamics. 

Consider  a  trailing  edge  control  osti//uh‘ny  with  ompiifode  and  frequency  <o  radjs,  so 

ft)  siniro  t)^  (23} 

Vorticity  is  cont/nuous^y  shed  from  the  troi/m9  edge  and  convcctvd  downstream  with  the  free  stream  velocity, 
forming  a  semi -inf mite  woke,  os  shown  in  Fig.J3.  When  l.O  the  circulation  around  an  element  of 

wnKCj  distance  Jf  aft  of  the  trading  edge.  Fig.  tj,  is  prcpui  tiunol  to  f  df  /^rj  when  it  was  gevmrofrd  nt  the 
trailing  edge  at  (nc  earlier  time  ft-  r/ui- 

The  time  varying  circulation  T*{t)  about  the  acrofailfwing  in  exprcit,aa  in  the  furtn 

f  tt]  -  T^btniut)  .  J^coi  (cat).  IC'il 

where  n  is  the  amplitude  of  the  in~phase  component  undTxis  the  omolitudc  of  the  out  of  phnsc  component. 

A  negative  value  of  'T*j.  implies  a  phase  lag  whereas  a  positiw?  veo/uc-  of  ^  implies  a  phase  odk-onee. 

The  force  and  moment  coeff/c/ents  con  fie  expressed  in  the  same  form  as  equation  (2U). 

If  the  time  of  fpcr/od/<i^  is  co/nparabic  to  the  aerodynamic  rise  tinir^uf  the  step  response:  os  defined  earlier 
then  the  osc/llofory  response  con  fie  treated  os  epiUM-steody,  where is  wHhm  ‘37%  of  the  steady  state-  voli;i’ 
and  is  negligibly  small.  On  the  basis  of  the  aerodynoni/c  rise  femes  derived  earlier  quasi  slnady  oscillatary 
conditions  occur  at  low  Mach  numfiers  os  follows: 

for  AR  .  cx>  when  >  Si o 

i.c.  when  V  -  frequency  partut.eter  tOc/li 

^  0.0  J  (t^O.03  Hi).  (23) 

for  AH  =  3  when  V -c  O.^i  Hr).  (2b) 

Similar  arguments  con  be  applied  J^a  the  fiaundury  loyers.  Accordmg  to  Section  iL.i  the  oenulynomK  rise  tiinv 
for  a  boundary  layer  is  ooout  i.Of.  Hence  ottoched  boundary  layers  in  osc/iiolory  n'Otions  rcrroin  gen.M  •  sfe  udy 
for  v<l.5,  irrespective  of  aspect  ratio.  Vhc  range  of  y>2.0  es  outside  the*  pract/ml  range  vf  fiivttnr. 

Typical  voriafions  oi  C.  C,  ^  osciUoting  troiiing  edge,  conttui  %j/rfe;i<*  e;f  fi>w  Mach  numbrr^  arr 

shown  m  l•iy.  )^. 

To  estimate  the  u'-’rodynunne  rese  time  front  Flg.Hi,  tor  the  ce/sc  AH-  .  if  the  e;ro<hfni  of  fhr  Cl%j  IV)  nirve 
at  y»0  cuts  the  yox/s  of  ^  then 


0.9/Cy,^  fo;  when  V"  —  O-  O  5  l.>7) 

In  h‘ig.1^  is  ufiout  1.0  So  thf-  i/mit  for  quasi ‘Steady  conditions  is  about  O.OJ^whnh  aqiers  with  equation  t2'<)^ 

O'.  It  shouid  s/Mce  both  ore  based  on  the  07%  foe.tor  for  f/ef/nin*9  gmisi- sfeody  orrodynamits. 

The  yu(/5/-stcody  limii  for  the  aspei  t  ratio  .1  ease  hos  to  be  i/rdwre*d  fiy  a  ensprcfion  of  f/?r  dntadivi  grn/ifi 

in  f  iq.)^.  but  it  is  seen  that  the  extent  of  guusi  sfceic/y  aerodyriainn  s  e  overs  a  wnier  ronqn  of  vah/ec  of  frequent  y 
purnmoter. 

In  Fig. /<(  the  out-of— phase  coniprjnent  for  the  two  fhinensionoi  oereifo/i  is  f/e'gnfivt-  tjf  suinll  va/ue‘s  eif  v 

fi.e.  o  pfiase  tag)  but  hecoines  positive  at  forger  voiucs  of  V  (i.e.  «  phase  odvom.e),  this  bi'huviuu  ton  hr- 
tentativciy  <-xpfained  In  terms  of  (iie  woAe  vorweity,  e?s  shown  ui  fig.  13.  As  the  njatrol  .aitiue  e.  Ueianani 
positive  through  icra.  inducing  an  upward  lift  lone,  the  corresponding  shed  «)ffu-ffy  is  unfi-i /ck  few/se  in  the 
near  wake  end  clockwise  in  the  medium  wake.  The  near  wake  induces  «  dawnwish  ui  the  ijenj/oif,  Ln'ot/ng  (j 
oown/oud  on  the  aerofoil,  hence  a  lag  effect,  while  the  oiedioni  woke  induces  the  opposite  effeefs.  /hr  e-*Alrnf 
of  (fit-  ni*ur  wokewi/l  fie  /ong  at  low  frequencies,  dominating  the  iiiduied  flow  field,  but  the  neni  wake  fieiiuTirs 
shorter  os  frequency  increases  and  then  the  effects  of  the  medium  wake  fake  over.  I/iesr  effect-,  are 
substantially  modified  in  the  cose  of  liir  wing  nf  aspect  rci.io  1  fie.  u<ise  of  (/'•  daiuinuting  rale  uf  fhi- 
trailing  vorticity. 

Typical  variations  of  fvf  for  on  osciUatinq  confnd  suifuiv  at  subsonii  spreris  on  the  basis  of 

linearized  thenry  itie  shewn  m  fig.  SO.  Tor  th..'  cusc*  of  iiifimie  aspect  ratio  the  value  at  ul  is 

ofioul  0,25  of  the  value  of  y„  oi  implying  an  increase  in  the  aerodynamie  rise'  time  nf  u  ftn.  foi  af 

il.  which  agrees  with  h'iq.9.  ^  ' 

Far  tfi(*  finiti  wing  of  nspecl  ratio  4  there  ;>  ri  inLef-  sir.a//«.r  iin  n-ase  m  fh«  ae/eiiyncniic  i  r.i  time  fietwern 
-  0.0  end  .  ti.S^nf  the  order  of  1.5  (this  number  i:uiiri<it  Lr  -.een  fioin  tin  grn/'h  //»  i-iy.  Ii»,  it  has 

been  obtained  frern  detoi/rd  (.olculations). 
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At  highsubionic  spce<7s  when  then;  nre  embedUai  supersonic  regions  terminated  by  srtocK  vvavefi  the  {lows  arc  non¬ 
linear  with  a  ),aricty  of  types  of  oscillatory  flow  which  deperui  on  Mach  number,  frequency  parameter,  amplitude 
of  oscillation  and  mean  ini  idenre. 

A  ctoiisic  set  of  cxperinunls  were  reported  by  Tttdcmon^\  A  JSiACA  64006  aerofoil  wit/i  u  tiaiimy  edge 
control  nrface  was  set  ot  zero  ;/Kidc/icc  and  the  tontrof  surface  oscillated  at  I*  amplitude.  Three  types  of 
flow  wi  '  observed,  and  ore  sketched  in  Fuf.i7. 

h)  Type  A  .  0.875,  v  ^  0.‘>J6 

At  the  highest  Mach  number  the  siiock  -lotfori  ti  virtually  simple  harmonic  but  with  a  phobt’ 
re/at/ve  to  the  cantro/  surface  motio/i.  f/iere  is  also  a  phase  di^^erence  between  the  shock 
motion  and  its  strength;  the  maxiinum  strength,  which  depends  un  the  {me  vrlaciiy  ahead  uf  the 
shock  wave  relative  to  the  shock  orotion,  is  not  cficounfered  at  the  niost  a!'  "‘ock  loaition  hut 
slightly  later  as  the  shock  moves  forward. 

(ii)  Type  H  Mao  -  V  =  0.7/6 

With  a  slightly  redULed  Mach  number  the  shock  motion  is  sim//or  to  that  of  Type  A  except  that 
the  shoci<  disoppcMifs  i/un'ng  piirt  of  thr  aft  iiiutiun  of  each  cycle. 

(Hi)  Type  C  0.822.  V  -  0.99.’ 

/\(  the  /owest  tested  Mach  numbcf  the  embedded  siiperso/iic  region  disappeorj  cm  h  cycle,  a  shock 
wave  appears  aft  and  then  as  it  moves  forward  its  strength  de<  r<*<ises  und  eventunJ'y  propngoti’S 
forward  of  the  aerofoil  leading  edge  os  o  weo/i.  free  shoi/i. 

Coicu/ations  for  two  dimensional  utio/oi/  of  supereritiLO/  cond/tioii.s  arc  shown  in  lig.18  for  Moo  0.80  lirf.h}. 
t'.nmpured  to  /i/iror  •'ondH toos  fh».‘  oeroa’yoo/nn.  rise  liriie  !•»  upproAimoto/y  duuh/:*</  to  thr  ordn  uf 
.Si/ii//ur  e»j/eul(Jt/oii  •  fw  finite  wings  do  not  oppeur  In  be  uvoi/ob/r*  in  f/ie  open  titcratuie. 


Il.h  COMMLN/'S 

In  two  n'lnienv/oiis  with  im  reusing  MnK.h  nnmhri  til  Mibsonn  speeds  cicTiidynnnin  rise  times  biTOiiie  exlrcinel)- 
/iirije,  I'speein///  when  thrrv  are  enibieh/efi  sij|iirso/ii>  regions.  fhi*  ^l•;l^^dyn^llnn  rise  Iniic  dr-cieoses  drnnini  nully 
with  fu'thci  iiHieasi  in  Miu  h  iii/niber  at  the  highei  tronsonii  sfK'i'ds.  i/i«-  fi-«e.ons  lor  |/ns  abrupt  >  hangr  is 
utisru/e.  of  least  to  ft»(‘  aut/iors. 

Neit/ier  e.  t/ie  ef/*'(.(  of  aspect  r«i(m  i/eai.  liesiilts  fityin  ixedutg  l/iree  aioiensionaf  l/an-.oi.n  (Ot/c.  woidij 
pnividv  further  insight  but  s;n  ii  dafti  do  not  iippeor  to  lie  uvai/ob/t'  in  i/i«‘  open  hti-mture.  nlthoiigh  if  wou/i/ 
be  cApci  ted  fhdf  imiustnal  /hum  woa/d  have  nuule  sw  h  «  n/c  id«itio/is 

ft  IS  Well  knowri  fhaf  time  iKeuraie  nunn-/Kci/  codes  <*Ap''»ie/i»  e  tonv.vai’int  di/fnnffies  a/  /.>w  /leip/cm  les,^*^^ 

If  IS  not  known  wlu  lhei  tfiese  i  tjnwTgern  e  dif/iiidfies  iire  re/af(‘d  fo  the  long  aerodynatOn  Mse  t|tiie-. 
discussed  above. 


11/  (.OMrARl:A)N  01  rULnii.llON  WIIH  /  X/7..VM1/.WI 

l/l.  I  I.IJVV  WO.VdjL/tb 

/tie  iiinge  of  /)ie</i(  lion  ifi«thiid.  .i(  .'tm  Mti</i  nandie/-..  foi  |>i)|h  nnd  nnsl'-odv'  Ilow  ■  t  ••m/./ r.r 

inviM  Id  finear  fheiu  y 

nivisi  ni  loiiforiniil  iiiuppuHi 

invisi  III  su//<ji.e  singu/a/dy  method'. 

niviM  nj/vis(  (■/  t  oupling,  ii  .mg  (/n  boundar\  layer  lag  ,  iiH  ainn  ent  mrihua 
(uiii.t  <  iiiip/ing  fdi  ntlai  hed  flow, 
itivetse  louphng  far  weak  ,i7»i;r<ded  llow- 
Nilvier  '.take, 

It  I.  part  of  the  folk- lore  of  oi-i oifyir.iinii  ■.  that  in  afto' fie</  flow  af  low  .'I*i«/i  naai|>»*r-.  tiud  of  fii.jti  f^j'vnoftis 
niiu\tu‘r.  inviM /d  Imeui  the'iiy  giv.  ■.  i  ea-.uiiahh'  ••.fi.n.if»  .  for  (  and  *  ^  t»e«  on-.e  f/n*  k;ie-.  and  |h»ii»m/ii/ j-  /•i\f'i 
e/fri  Is  fend  to  .  am  1 1. 

lor  I  i.fiverifniiKi/  fivn  dinn  ir.inna/  ncfo/oi/s  •./eo«/y  'n»'r.i  i«/  sai/tjii*  angalof  ily/vr-i  mu-.  »«»iip/ing  iuef/i'<d.  ./iv-'  ijme/ 
r.iniuifes  of  pr«'.'.ure  diMi  ibuf  ion-,,  see  /  ig.  I  nnd  ev«-n  /or  \.Li^iV//''Wi*v«  i  when  f#ie'«>  .nnif  futdix  itoui  inethml. 
are  uppheif  fn  (wn  tlimeiiNionn/  arrotnds  wiih  ninviiig  mmiIi-W  -.uito’e-  piedi.  !«•«/  vafin-.  dn  /Kd  .oiuptue  d  all  well 
with  experimental  i  esu/f  sC^’ /\  typniil  (  ninpariMJii  e.  s/invvii  in  lat»/»*  /. 
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(t  ho'i  been  poJntcfi  out  tbot  it  ib  Inrjiiwiobfo  to  cofnf,Qn:  ovi^rnll  Inrccit  and  moment',  liotau'^e  of  ^‘ind  tunnel 
fnicrfprencc  unf  i?r tenor ir-,. 

03) 

Mote  recent,  vornporisorib  /rom  ONLRA  for  o^e.ffiatory  motiuo^  cue  s/iown  in  t'Hp  20;  f/ir  'irftfnn  is  su/)i'r- 
critical  nod  rear  toQilcd,  wttd  a  25^b  troi/ing  odqr  rontrul  surface.  Tnv  predicfrri  vn/ues  of  |C,,},  bosed  on  the 
invisc.(d/viSLid  coupling  metliod.  which  ore  now  Jess  tJiou  the  J»r,cori/ed  predictioni  in  controit  to  the  result'., 
presented  in  Tobli'  f.  ore  of  the  order  of  1^*1  gicolrr  rbon  e^tpcriment.  for  the  hinge  fwoinent  confficiunt  the 
effe(.f'  of  fhiefenes'.  and  boundury  layer  arc  drnmutii,  ot  iow  frequencies  the  iiiV'scirf/viSLicf  coupling  oiei/iotl 
predicts  vtifoes  obocif  less  than  f/ic  experimenfuf  vofues  n/though  nt  higher  frequencies  predictions  ngree  wedf 
with  eAjJorj/uent;  the  pilose  unqlr  is  /joarly  pred»«.i'’d.  /./though  not  sliow/i  hnic^tn  those  cxporlniont'^  there  were 
lorgc  non- line'll  jties  due'  to  the  mcun  on</  i*  of  fh'*  r.ontroJ  sur/occ. 

hoi  finite  wings  there  wei  e  ninny  experinic/its  in  the  fQ'iO's  to  inctisurc  hinge  muMont  cfiuract**!  istics, 
tonifwiristms  were  londc  with  the  approximate  famis  of  (ineari/ed  theory  avoiiabtc  at  that  tmuc  Lx/ie-ffTierits 
were  loriieij  out  j/j  ihc  J*l/U's  on  finite  wings  of  low  Moeh  numbers;  comporisons  were  itiodo  with  predictions 
from  fiMi'or  iiiid  iiwiscid  pumd  oirthuds.  A  typirof  resuil  from  refs.  n<»,l5)  is  shown  in  fig.2})tof  a  swept  wmg 
with  0  fuff  span  osiifloting  conirof  surfocc.  In  l-ig.2f  the  experiniento.'  data  ne  bctwci-it  (he  prc^dic  tmn-  of 
ii.viSLid  tlin  0/ d  fliuh  wiik;  rhecnes,  wliii/'  is  tif  varinm  e  will  ff  •'  twr  dimeiisirnri  results  ir  l  ig.^O. 


IP.  rwAWsoMfc  i,r/.f  US 

i’rediition  inof/joij,  fur  trnn^ariu  yirrri'-  nrr  fisted 

fnviM  id 

Inn'oi  theory 

steady  fion'.unii  s'lmfi  perturboluin  (FSPl,  nnii  « iiiis»*rvotive  and  lonservotive 

fow  frriiio'fK  y  TSf’,  LfKAN/ 

o/f  fitgut’ocy  /Sf',  XfKAW.  Nl/t,  Wofsori. 

stfody  full  poteiilinl.  non- 1  onsei  yol/ve  ood  co/isenatm’ 

two  putenlml,  opjtrnximutc  ond  icsoi  t 

1  jder 

nieihi.idv  of  sufulioir  finite  ih/ft-rfnt  r,  Imilf  rdene  ni,  irif»ar<il  eqnafir/n. 

Invisi  m)7vis»  Id  •  oufj/iiig 

pof'Tttud  cuo'e-v  »  Otiuiidnry  foyei  (<iy  entrainineid  im  thoif,  iin  /oding  liighef  ord*'i  lerms 

ipi«'j4ar'^  griidu^tt  iffoits,  wahe  Norvafure} 
ih/i’cl  ilK'thad  for  otUuhr'd  flaws 
n>vrr:>r  in''ttnitj  for  tv»-al(  s»‘p!eat<  i/  fton  . 


fVnvii  r  SloKes 

1  <'r  tpi'  iwo  dnneri'.ianni  iierofoil.  NAi.A  UMOOn  .«  rfion,  und  liading  "dip'  lonfriw  -.ail'Me,  .'sS.  «fiai«f,  I*'  oiigijfa' 
'U'lh't  lio/t,  lloliwinh  dlnstratf tfic  aiain  featofi  S  far  iow  fiegoeiMV  <  afdnd  om  df.itn»n  .  «i  •  '-howe  ii» 


ffie  nniin  point  ,  af  inter -.1  from  fiq.2/  ir,- 

(i‘f  fnrgc  £o/r(  (tians  ore  nifraden  r'd  to  a>»aarit  fui  wnlf  iiiterfeieiu  e  lody  <iiound  Ih.  fmm 

fia/f  of  Ilf  <;j'/o/ad.  it  e.  mipartant  fh<i»  stn  h  irari-«tnm«  -ire  welt  fimrided.  •.hti;  f^•»  oie  pie.- nl 

otiauf  hO'l  (lliud, 

(III  (inenr  ffinjiy  wh"  fi  dix’s  nof  iin  fiid'  .hm  k  .  ohfuoi-  lo  I"  in  the  ii.;hi  fuiff  /en  k  avei  tin-  -/.ao 
foil  but  iKif  over  dll'  ((indof  .ui/<ne, 

1/nf  iKifl  f/ileaf  invc.c  Id  1  tides  Wf(r<  It  imf-nfe  thl'Klies-.  (  if.  >|ft  tiansonu  .pve  ••  fiejlt  nmi  (i 

in  rXM'Si  ul  tne  rupenni/ fil,/l  loiiihrup  the  s/ko  fc  r.  p»*'dnled  ton  /nr  oft. 

/ivj  the  iin  fusion  of  the  Unurjdory  -uyer  in  any  -  nl.  ul»-‘lja;i  m>-lbad  i.  f  .•.eniml, 

(vf  the  liiading  on  the  conlrnf  sm/oie  igipe.irs  fn  be  reoMinaldy  well  /ve.i.i  i.-.f  by  ihf«  iavr.«  id/vei  id 
'oup/ing  rnednid. 

More  <tci‘iih'il  <  ompiirisoo'-  for  the  some  i  om’  are  sliown  in  T ig./t.  taken  from  lef.  o,  |fi«*  /treifu  tionv  oi*' 
def/ved  fron-  Uie  XfKAN  cuf/e  pfns  stcody  fu«i  *"i(fa:ri'iienl.  Al  (tie  lower  vonie  of  y  ihn  hues',  m.  reus*-,  thr' 
Intjif'..  LnfJi  III  (,Junr  and  <;al  of  phase,  toiripafr’d  to  /niear  llieo/v.  -ind  then  the  etfe,  of  ffjj-  (loi.inhiry  (riyi  i 
lit  >  rro'.e  (he  fii.ids,  /lowryer  oil  esfnnof.'v  ore  signi/n  onlly  Iturn  tht'  .  AfK-'-nn-vdal  vtilae>.  If  not  knewri 

wfiefh.  r  the  (iion'd  i  orrei  {ir.n*.  nutimeiJ  by  (fomvl.'ih.  I  iij.)/.  have  b'*en  i/ir  Ji/de  t  in  ligs.2l.  Ilw.e  /esnif-.  at  i/ir 
lower  vnlu'  of  y  life  nm  olfogi  (her  i.onsistent  with  !  r.oi  -jir  ihi-y  siinilar  !«>  ihe  le.uh  •  al  /ewe  Mm  fi 

namlevs^ns  .flown  in  /  ig.  /(I  At  Ifie  higfiei  fregoe’ii  y  )Mifiiine!'M  imeiia  Tfieo*  /  is  i  (esesl  to  the  exji'’/ mnnit  <il 
V'ain'‘N  bid  lilt  f/i'edn  fio/e.  me  miw  gretifer  {/'an  expeninf/it  Attnou.jh  niif  .Imwii  fi  -it'  ttie  pred.,  f-»i  ifu- 

hinge  iijone-Ml  i  orf field  .  lire  mine  reasu/mp/ts 

lufturiif  to  (if, lit'  wig*.,  in  the  I'i/i/'s  i  on- iii''r«ible  effeit  was  ifevola’d  lo  Mu  ib’yeftipmen!  ijf  actara't 
finear;/:-</  mi'lfi.n]'..  in<  oiparotl/i'f  the  i  orrei  f  singtibir  t>ehoviniir  <ir<iiiii  t  att  e'fae-.,  iii<  tiiitHKj  fho.e  nrouiid  the 
lOnfr.d  '.urfiiLi'.i^O  It  r.  < /anned^^l  htd  ifie  /(nmii/id  iiiefh«Mp.  give  satisf  ii«  (tir  v  lesnlts  in  ho*  k  free  'onttiii'His 
of  fiighiT  friguernie-,.  (js  s/iuwo  in  I  hf.  Ihe  expr/i/iienls  werr-  t  ijrn.'il  o.il  a‘  l/ie  NIK.  If  is  not  known  flow 
well  h'U’nr  (henry  jiredn  ts  loadings  «il  fower  fregneiii  k  iinwetfi-r  liaear'/ed  ibeoiy  does  ijol  tif/pror  in  su' b  a 
gu(i<f  lig/it  for  out  baoid  conti  'il  soi ftj<  'jtiawo  in  f-'ig,  2*..  the  exfi<'riiite/its  were  » <irrir-i/  oct  a!  l/ie  Ni'i  . 

hneui  theory  now  srr,o(isly  ovcreNtmiafes  exper nnent.  the  frequeni  les  m  /  i«j. 2’>  are  soriii'what  hiwri  than  in 
/•ig.2<».  And  nvrralf  iorcc  corlfnietif,  ore  i  ongiort'd  in  /  ig.^S  m  nirirmst  t/ie  inading  t';s(.'ibutiori .  in 
l'ig.24.  The  incuiis/'drncit’v  betwo'en  i  np.. are  worrying. 
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r/icfc  cippcof.  Jo  t>r  /(Jtfo  iofor/naf /on  /fi  fhc  upcrr  /itnofurc  on  the  opp/rcotJofi  ol  the  various  tranionic  codr's 
(n  predirj  control  -.urfoce  choroLtonUii:^:  on  finite  wings,  iM'tAi'r  stf’ody  or  unsteady;  ognni  it  would  bo 
rxpertrh  that  mdustr/uJ  firm^  would  liovo  mode  su^./)  i  fi/ru/orions. 


//I.  ?  SGML  LOMMLNfS  ON  PHLOIC  f  lON/LXrOilMLNTAL  COM/’>'K'/SOWS 

7rtc  prcdirtion  of  control  uirfticr  c/inractorislics  is.  in  gcrirrid.  not  cncourog/ng.  The  tr*;/id5  scoin  to  ho  ihiit 
predictions  ore  bomow/iut  better  for  finite  wings  thnn  for  two  diincnsionuf  acrofoih  and  that  prediction  i', 
bettei  nt  higher  frrqur/n  irs  than  lower  ficqurncic.'i.  The  ri.osoD'i  foi  t/iesc  trends  ore  unclear. 

Although  the  evidence  is  not  presented  here  rncthod^  which  give  rposonnbt”  predictions  for  overall  aerofoil 
MiotM  fis.  I'.g.  tiru^i  ij/id  pitr/}.  g/vc  poorer  estimates  of  control  iurf.Kv  cliarnctcri^tics.  So  it  would  appear  fhcil 
the  njntiot  Mir/«j(  rs  fhe/nsolves  are  intmdiicing  additional  furtor'i  w/iit  h  nci’d  to  he  f  ilten  into  incount. 

Ihe  iniihili.y  to  predict  ronlro/  surface  ciinrot  ferisiits  /lus  been  u  fad  nf  fife  over  the  post  60  years.  Design 
nrid  upernt lo/uil  info/motion  hti.  hern  hosed  on  liofn  sheets  ond  siini/nr  conipendin  t oiiip/eitiente J  by  wind  tunnel 
(iniJ  flight  Icstimj.  iUit  in  tlin  present  day  the'  ocronoiif iro/  fraternity  ought  to  be  ahir  to  do  hrttfr.  Some 
f/mughl.i  ore  present.. d  for  dehofe. 

In  op/iMj/Miig  prediitioM  veisus  ('xpei iiitent  if  shoiiid  he  hourne  in  mind  f/iot  both  theory  ana  expe»-pMen/  Lontoin 
drfeds.  whn  li  nerd  to  hr  tlanfird, 

(i)  (.o.'itrol  surlocc  churucten  c>  m  tunnel  tests  ond  in  foil  sco/e  ton  he  affected  by  small  gaps  hetwrrn 
aerofoil,  or  wing,  and  fh  co'itiol  siirfoee  leading  edge.  these  gops  ore  of  the  order  of  0.1'.,  oerofoil 
ihard.  or  h".,  ontj  they  ere  Mii'i/t  lorn/iiiitd  (.i  ttie  lioiiiidai  y  /a>er  thn  Kncssrs  uil  the  i/fipi  r  and  laWi'i 
sdffoces  wdnch  puss  over  ftie  gups.  Sonictimi-.  fhi-se  gap--  nri”  •,ra/c*d.  perhn/r  cengdefely,  pe.''hn/is 
partiiilly.  /roving  cavities. 

I  law.  t/i/.iugti  uosi'ijJcd  gops  can  hove  high  vein.  itie*.  tfie  gap  flow  i  <ui  tonii/ioi '/e,  lorge  pressiiri 
graitiriirs  rh.'st  oi  ross  gap  rntiti/ue  oiiii  extl.  ond  sipiirii/ lun  i  eolloi  h/iitnt  huhhles  i.'in  exist. 

Invest igiificnis  uita  gup  flows  at  (Jut-eo  Mary  i.ollege  ond  (•oftoigi-n  /iav«'  t>e'’'i  r c-poi  f ed  ; 

research  is  continuing  at  both  estuh/is/inients. 

A  ri'hitrd  fifotdeni  is  ffi-p  snmtl  proiluction  •  tionges  in  geometry  in'o/  ifie  .oiiliol  snifoce  Irniling  edi/e 
<  nn  tidve  a  pMifiM/nd  e/fis  i. 

(mJ  Mtn  Ii  «d  III*  doll  c<n  ■)><•/. dt  /Mnl*  .  .n,ie-.  fi..in  p/«-.-.iei-  nn'O  •(d'''iit  nt Ilvit-  i-.  a  j>rnp?in)  nf  ii<  .  i/r«).  y 
cs/ieii  (tie  nu'nh'i  111  pressuM-  ^ln•asur^■fnenf  stofmns  r.  /mille  d,  wno  h  i\  o/way-  i/u  «  .im-,  e\ji.  eiHv 
ro  Jticei'  diineie.Kifis. 

»ii||  Jiii.nel  ml  <  c  tr  I  I'.'e  I-  need.  f.>  ti«  |•.•l«rne  in  nio**/.  Ilf  notore  .if  wind  *ancj«  /  •niti/eien.r  r- 

fandonien(o//v  aiUeicfit  to  .t'uidy  »nd  unsl«*a./y  //uws.  in  the*  sti'octy  cose  ffn*  si/e  nf  ftie  'll■«d^■|  in 
l•'/■lln)lJ  f(t  ftu  wind  funnel  wncKuig  sc-tfitai  iv  ihr  nioi/i  porcjno  ler.  o/thnogti  eve<«  tier*  -.oi'ii  .on  r. 
n»  edc'd.  <1  ‘two  aMrienb(nn.;l  •i-rfoif*  fx  lwcn  n  pOfo//e/  w<d/»  is  iir.ly  tnii'ty  twi’  donen\n»n.)/  m  on 
i/.finifety  t<io<;  wni/coig  m  *  fii’-i_  Pi,  .  oiid  '>/iio''^^‘^tiovc  fig-'Oled  nn  fins  ospen  f. 

'a  file  on  te.i  fy  <  i  .i’  g.  al'i  adc  i  xp/oinc**'  m  f.iil  II.  unsfi -id,  .’-jg  c  /fe«l‘,  ore  o-  -«»  ♦  'Vilh  ilv 

•  h'pifig  wiKi  -ni  l  Ih  -  iioloi  .  d  «,'/*•«  f.  .»/  ttiol  «s-Ae  >iPo(/t  Iti*  o'l o/mf/’A mg.  fhif  »n  •)  itnnng  flie 
rt'tjlcf  pmi  ee,f-.  </.  ntn -ti  e.K,.  i/iccKigh  o  di//oser.  slowing  .f.nvn  ttie  woKr  icinvmfmn  sp.  *  o  on.l  III  n 
Of  OIIII' I  o  I  iiniei  os  di.iwn  I/I  t  ig.  .'t-.  f  .  i;  '  f  n  i  ■.  oi  e  ion  .lOeiotd  V  ri  dm  •  ./  Ov  10*1/11  /  ml  '•»/'•/ 1  n< 
e‘pf<M//»  III  tVk'i  ■fiinen  -.m  if  l,iw  /|egii«fi.  n  ..  sue /l  tinned  iid  1  f /' »<-ni  e  .tioUid  In  -.ig' il  /  K  O' 1 1 1 V 
/»  s .  fill  fmilr  v/i/igi.  tl  c.  na(/</  (hot  01  Hr  ’Nora’  eiit  .  of  frsls.  wh«i.*  o  auohl  wos  te-.fed  m 
dif/eienj  lumnds  dif/'  >en<.e'.  in  win<l  funri<  I  in(»7  f ,‘/..in  r  e/fi-.  f.  were  •/not/ 

I'si/ii/ty  cisf/llofuiy  tests  ore  corr.ed  out  o  ron<,-e  1/  eiscirte  ,’re<i$.e/>  ie\  An  -.tte/in  (ivi  a/ (inun  ti  in 
finni  ip/e  is  fa  'W/cp  ccntinuaus/v  tfiiomi/i  o  /n'gurni  y  fo''gi  I'otit-vcf  m  *  t*  on  ig  prooi  ti  lias  miO  /-.  en 
.i/to.p-th' I  ■,ij(irss/al  ivin  ijf  fow  Moth  ntnihcTs  whc*n  ■hoc  Ms  e/i-  ot'seiit  thi*  legsor'.  ori  nts.oir’ 

/■at  it  e-  fti/'i.g/n  f/n  t  toen<  f  i./e  f  1  Oc/oies .  is  ■!  iiuifO/ 

(»v )  It  fi.' .  t .  j  o  (  oni/rif  nteii  on  [tnif  fieundo'  y  layer  •  p/(i>  -i  Icey  rn/e  in  « i  -d  -.111/01  r  1  fio.  a.  f r  1  istu  s. 

(hi  the  I /i(  tir  e|  <1  of  '■ole  otv-  uondefs  hew  /oi  th  oodory  loyci  otiproxiiiM.tcons  reti.ain  valid.  I  v*  n  with 
se.j/.  ./  ,0/’.,  vej- <  ,r»*  ,  tiv/  tt '•  upptf  si.r/ot«'  III  ftie  ri.giiio  0/  file  contrgf  suf/Oi  ••  tc'odnn;  i  ifge  a/r 
tng/i.  Ol  .  ii/npaiiied  t)y  rn.^fi  >/■  relof  atlon\  and  de.'iteridia/is  wilt.  cirtreii'i.(y  large  curvatuies.  Il  win  I.  hi 
Ilf  icifrij'st  la  i  Jill  f\  Hhitiiri  or  not  soar  ot  the  higher  order  buuridrity  /oyer  nirthods  iiiifruve 
fire«/n  f  Hill 1/  g.,p  /laws  or*  />re-./n(  the  forge  pressure  graditmfs  «!<.ross  the  gtifi  exit  aoi.'/i.  iffliinlv 
inv'di'fote  [tie  fi;iui:</ai>  luyii  iissunipl  larii, 

IV  KCU  (.’/  MW'‘/i.AfJ^  Al  hntfVN.AM/cS  /At  r.l)/V/K'l)/.  S V*- tLM  ttLS/C-W 

IV  I  !Nli;i)IHh.lH)N 

All  II  n \iielo It  y  /.  tt.i  loi.i  r  .pvr  1  to  the  uilr  1  di-n  ifdinary  o<  tivity  i/i*sdvicn,*  strintuio/  dynoniM oi  ro'/yoijii'ii  s 
(‘.l/'adv  ond  uirde  iidy/,  iiim.'  (onirol  sy.f/Mis.  All  oi  five  centre;  sysf.-ni  opp/imf ions  involvi  nero'.i  fvc« /..sin  ity 
whe(/jcr  jif  iivt  fi'll  niiifi.H  dynunin*  (e.g.  fluxed  stofn/lty,  ini;ni*ei.vre  de/rijec/,  hund/lng  gun/lfiest  or  for  ttlusi 
invi  lviiu]  n.ere  spe< /f/i  ol/y  .frintid  i/  responsi-  fe.g.  .just  Ii.im*-,.  ridi  qi.o'ily,  fii/ftn  suppres'-u  n.  njtncei:v/e  load 
icilm  lion }. 
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ffir/'c  tin  fwu  LO»f  fJSpi’i  fs 

(i)  (  antral  dos/qn 

(ti)  control  ^y.tcm  validation. 

In  loatrol  tk'.iVit  (/.r  aim  fu  to  dittm  ine  tlir  i)f.riMiL.rn  vuIuls  of  Ifti  •  <.rr}pi7i>iW iuj)  /•»  lors.  «  ti . 

/f.  fhf-  to'ifro/  /f-,'>r^  to  /T>L*ft  tJc^.ign  <.pi'ci{irrtiQt}'^.  There  t'.  im  I  larnrt  hy  of  livrl\  of  dt'\ign  tycw/n  or»»  n-, 
w/iifh  fsse/)f/(i//v  ut//ist‘  umteadv  ceradynoirtc-'  m  diitfrer.t  ways.  Take  /o;  ncnuipir  t/n  snjn  of  «r  titttai 
supf-rrbsicn  system. 

(i)  Tl.e  specif  lent  lor)  inoy  be  to  inc^rase  the  flatter  speot'  by  o  nnoLnt.  lur  a  wing  w;(h  (./wi-n 

intertial,  stiffness  and  actuexar  chororfpri\ties,  tha  role  or  J/.«-  unsffo«/y  atrudynoiniL usr^uU/  Oovc 
parity  with  the  itractiiral  d^ncmich. 

(ii)  The  specificjt/cn  tray  bt  niore  severe,  nunialy  to  increose  the  flutter  speed  by  j  given  oteoLiil  of  u 

giver,  wing  hot  <yc(.oien?0(iotiny  tf.e  full  range  of  wco/.ons  and  stores  to  hr  tnrncd  Ly  lhal  Sot  h  <; 

system  is  kiicwn  tJs  o  roPust  sysicrn.  fn  this  cese  the  role  of  the  oaAee.dy  aeiadyarfan.-.  r,  \.iuiial 
refs.  2:.i6. 

liii)  A  more  direct  approach  is  to  design  a  -etf  odortive  systen:  wheir  tin  c.n.tioord  system  ..f  .♦•/  suis  tmi/ 
toniputei  esfm.offfs  ccnti/iuous/y  tht  open  loot>  charocti  ri'.tie-.  throughout  flight  i.iid  iomintei  and 
imflemcnt  i  the  optimum  values  foi  the  cle.std  loop  f  erformari.e.  In  this  losi*.  oport  fm/ji  inH  p,;rK 
eslrmfites,  unstectfy  uerotiynortiics  oic  nut  realty  reguiied. 


l:\  contnit  sysleni  vo/ff/tifnin  ante  (hr  lontrol  system  hii»  ^M•l'n  tiesiyiiei/  it  titis  Iti  /»•  i  htu  ki  ll  fut  stiff 
uperofion  Ihiouy/i  ffie  entire  lliqht  t'nvelopc  by  exlensivf  i  innputational  studies,  iiu  orpociitiiuj  Ihr  tull  lan  p- 
of  aerodynamic  todvs.  ground  simi/lnfion.  tunnel  festing  and  flight  testing. 

In  this  section  on  atl*'nipi  is  niodt'  to  explain  haw  unsteady  ‘V'lodYiumin  ■-  an-  iise</  m  «  oriifu/  sysfein  tle>>/i;/j 
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He/ore  intro»/uc  my  <inj'  unsteoJy  neroi/ymmii*  •.  « <)ns»«/«*i  IN»‘  single  ‘legree  o/  freede.iu  system  at  an  ar/ufeil 
with  fixed  \.untrol  in  pileh  in  sli/l  oir.  os  show^i  in  f'ig.'Jf.  The  eguatien  of  mofio/i  i- 

0  *.  .1><J  1  i‘- O  in  t'C*  (' f/m 

where  I  moment  of  inertia,  n  siroifmoi  .Mnipiog.  tun/  K  s/ifrnes\.  oil  osso/nfO  ■  •lo-t.j/ii.  aat!  Hw  .•npoi 
hos  a  prra  ri.'ird  virnitiun  wite  lent  . 


I  <jU(ilion  (auI  (  HI  he  '■olvcd  lor  0  lU  ; 

Ilf  III  Ifie’  lime  p/one. 

(h)  Via  the  fregurn-.,v  f'/one  py  so/ving  for  t/ie  /  ouric'  fioiisform 


^(•..0  =  r 


*•-  oo 

and  then  inyertin>f  f<n  k  t<>  (he  tian  plane  by  the  »nv«f»e  lootKi  l/onsform 


6^0:)  e< , 


0(t:S 


^A- 


,  i... 


fill)  vi<i  the  s  plane  hy  -oikiiK;  lot  the  geiiertili/ctl  {.<i/ihi«e  ri.jii-.foriii 


e(s)  - 


'  at 


i.’i; 


(1,1) 


I'll 


unit  tlii'i)  inverting  hm  li  to  the  time  tilane. 

It  1'.  important  (u  appfi'i  loie  (hm  v^ht-ietjs  the  /ih.vie  «io«l  fr<  goftu  y  plttn,'  ioeiiuui\  ,  ttn  *>»  ipplie/f 

aenlytu  ,illy  .1/  oiinie/i'  i/fy,  fti<*  s  plofit  oic  fh(i«t  is  •■s->foti»j|/\  o'Mty|i<  «miI>  lfi»  rt  .i.nii  r.  t/mf  111  III*  s  p/ijiii- 
nuThod.  in  e.fuoinu>  [  l'*.^|'.f  '  an  only  be  difined  p.i  fte/-.»(  Mol  for  all  /mo.  tool  .fim.-p.  «(  t.Miti.iii. 

'■  /e*»''/e«f  t<e(sl(^  /to*,  ilifftiiilfy  r  ove/tonit  ttuitheiuaii-  allv  hv  tt'-'  •  on.  t /h  .if  .ui.ify/i. 

I  ii'Uinuatinn  imi.i,  oorWy/ji  enpresMon-,  vsfin  t>  o/r  %ahd  l,u  ^•••l  J  ...  •.)  .jie  ,,f>ritd  ov>  1  le  ftm  i,-,ji>,n  »v.i  n 
apfiioa,  h  IS  on  «  »(fe/nf/y  ixiwethit  ii>oi  vvtmli  oiitli'ipfri  ..in/rol  .v,|*-tii  ./fsii;n. 


I  he  .ii/eo  fufini  l.j  n.ife  is  ihjl  Hi.  fir./u-n,  >  oo.i  -  fdauf  o*.*(ii.*.|.  .i,.-  foitirid  f..  hti  at  dil  trt ,  u(  i  1!  •gnat 
If  liiifoi  sy.ieois.  ii/j/v. 


I\  nINi.ll  Dll.h'lf  i.'/  tHLI.IhIM  n't', II  M  IN  MiUIN*-  AIN 


Ntiw  ■  ,i!isi,u-t  lltr  ol  I  li»  snit/le  .fe.;rrc  /le.'./.nii,  sP-iaO  (»i  in  •!  tfloliv.  oif  fi'.ii'i  '>/ 

..ftiiiirv  ('  or  KNuh  nuinli- I  M  ^  .  Itp-  egii.jt»>n  •»/  nu.tiaa  1.  ipow 

J  e  +  ;t.  6  +  K'6)  j  '■'m  (  'V  V,.  I  i  ”' ' ' ''  I 

H/if  r.'  C  M  f  >1  e-  the  li'iit-  oi.ioi.vi'  •  «p« /I,,  i.-iif  o/itml  lli.-  .im  .  <./  /uti  ti  ishrvi  fti. 

mo  p/f.  fi  oMfn./i  fylll  ..  -iNuA  a  n.t.in  ur  id.-n- .d  f 

‘  o/es  lof  n  00  . . .  /li.fi  fim-.i/  i;e.fe<i./v  <ii’/.>.rvn’;i>>i.  .  i/ifm  niiii  Cp^(  ■  s'.,..,  .fiif.  [ly  in  <1  •.rijuM.- 

in  inn;  .  If.  '  .  '  'll.  of  i/fi/  .r'l/ornt  ii//(y  h.ii,  ,  I  l  /,  Pi  .  Jhii.  if  i-  .tioigtll  fur  u  Ol  it  (u  luiifi/.- 

.ui  ti  or.  M/yrioo'i,  .  u./i-s  v\if/i  lOi  .fioifoi'il  dyihViiu  trims  .nnl  (/on  ri/n.jfiuii  /l/f  1  .in  so/vt  1/  It/,’  dlti  /o» 

./  pveii  i/i|ij;'.  iJir.  i  Hv  01  Hu  fnin  plane,  f/j,-  -.y.i,  ,1,  ,,  ijfistold,-  if  &(l]  lend-,  fu  in/inify  vv/Hi  tnilf.  ffi.' 

sy.feiii  I.  /PI  .ir  ipn.jfl  /  .(.ifilc  if  t^flf  ."ifni  n  fin.it  t  v' I*'  .» -•  •ll’if  inn  In  .(epoTol  .ii« /i  r.'s/i-ue,.-  .  .if.  iieifion'.  off 

/)Jff  >>t  Ihf  Vil/|if‘iriO/i  nxcf.r.f  fJiO  /lOfI  111  Ihe  dr.l.}li  /if.ii  -i/liff.. 

H’  wi  vet  ii/e.ir  o  fy  fim-.ri/i  i/  .;.•fn'/^■.•|.//nl■  -  1  suhshsiilially  .Irff ./.■til  fi.-i  nii-.c-  .»/  (ii.  iin.im.  «  in  ivflii  fl  t/ie  fi>/iii 
ti.r.  -n-.o  i/i.  pos!  y'  .if.  In  gent  'i’l  -  n«//  hii  lioeori/'./  inisteoits'  oi*i mlyoonii*  on  fimit)  ./  In  f.limnf.-. 


of  osciHatory  dcrivativez  only,  steady  cod  Quosi-steody  c/erivotivcs  ofc  speciol  coses  os  t^ic  frequency  tends  to 
zero.  In  thti  present  example,  if  B  (t)  ‘s  s/mp/c  hormon/c,  i.e. 

e(t:>  Soiio  wt. 

tt)c  lincariicd  aerodynamic  moment  coefffc/ent  has  the  form  /  s  "• 

^  ei  <9(fc3)  «  C,  QoSinVfc  » 

j^here  the  osc/f/oto^  derivative  ,  which  is  independent  has  in-phosc  ond  out-of  phose  components 

C^p  J^nd  C^j{ ond  y  is  the  non-dimcnsionol  frequeiicy  poromeier.  Codes  give  numerical 

estimates  of  Cm  Ctd,fcy}at  discrete  values  of  M  and  y,  usually  for  v<^  the  practical  range  for  flutter 
investigntions.  Most  codes  become  inoccurofe  for  v>  3.0. 

To  solve  eguotion  f32)  via  the  f'^eqi/ency  ^ane.  because  the  Fourier  integroi  covers  all  frequencies  from  zero 
to  infinity  it  is  necessary  to  interpolate  from  2,0  to  oo  .  The  asymptotic  /imit  uj  v^i>o 

IS  known,  it  is  given  by  piston  theory;  however  the  behaviour  of  from  is  for  from  monofonn 

f  oricnate  y  the  osymptotic  behoviour  of  C/^ j  V  3  is  moch  more  reo^nobfe.  Since  tnc  frequency  plane 

method  uses  either  Cu^  v  J  or  ( 2fga  v].  not  both  of  them,  C_fM_.  y')  is  used  in  practice  (sec 

ref.  21).  nix  v  iiZ  ^ 

Tq  solve  equation  (32)  in  the  time  pione.  formally  on  the  basis  of  linear  aerodynamics  the  ocroo'yfiomic  momenf 
is  given  by  the  convolution  integral  ^ 

i<9(£))  -  ,  ,,5, 

where  t)  is  the  moment  coefficient  of  the  impufsivc  response  following  n  unit  impulse  input  ot  time 

t  -  0;  the  impulse  response  is  the  diffcrcntiol  of  the  step  response  described  in  section  fl.  Hut  7j 

is  not  usually  known  directly,  it  has  to  be  calculated  from  the  known  values  of  the  oscillatory  dctivatives  vio 


the  Fourier  transform , 


dv  . 


Once  fj  IS  known  numericoi/y.  with  ^  f(9Cfc^g'Vf?n  by  equation  (35),  he  response  \9^(t) 

in  equation  (32)  can  be  computed  relatively  eotily. 

But  control  system  design  is  carried  pninurlly  in  the  s  plane.  Since  the  s  plane  formulation  is  linear,  linear 
aerodynamics  have  to  be  used.  On  the  basis  of  iincari/ed  aerodynamics  the  Lopioce  transform  of  the  equation 
of  motion,  equation  (32).  is 

(rs^  +  I>4s+  kr  -  i|oO'‘G»-C,OUs)ji&(i)=7Dpui  h)  ,  )37) 

where  the  acrodvnamic  transfer  function  ts  given  by  _ 

Cm  ("Moo.-s)  ■=  r  CvAf  -e  ^  cit  .  IIH) 

Note  t/iot  furmoliy^  from  equation  only  exists  for  Rcfsf>0. 

Stability  of  the  single  degree  of  freedom  system  i,  ensured  it,  from  equation  137}^ 

Rc(s^)  O 


.,n  ore  the  roots  of 


Js^  +  Ds^fk'  -  vH6o^O  =0.  fjgj 

The.  aim  is  to  obtain  an  unalytit  expression  which  approximates  which  is  vot'd  lot  Re(s)--0.  and  then 

to  apply  that  analytic  expression  to  solve  cquotion  (33)  m  the  region  Rc(sj<0. 

The  form  of  the  aerodynamic  tronsfer  function  cor.  be  deduced  from  ('art  II  uf  this  peper.  For  a  two 
dimensional  aerofoil  an  opproximotion  for  the  step  response  is  given  by  equation  (II),  namely 

C„„  ~  1^1  -  /  _  iu» 

the  Sign  oenotes  'proportional  to'.  Now  differential  of  C^^fMoo,  t)  so 


Cmj  ~  ^  i) ' 


Thus  from  equcifion  (Jd)  the  aerodynamic  transfer  function  is 


((i-Ho->fc4-0  ^  \  -  A' 

~  f  +  6^0  S»'cxll  S 

C  "T ry>  (exTq  e  S 


K^cz-Ch  has  bean  aimed  at  farmulcling  interpolation  toefrens  brtaaan  those  osymptot/c  limits  a.g. 


Once  an  analytic  expression  has  been  as.'-umed  for  (M^s),  which  is  consistent  with  equation  it  is 

necessary  to  inv(  igatc  the  system  stability  by  solving  equation  (ioj.  The  first  question  to  ansa  is  'how 
mony  roots  )  loes  cquofion  (3  9j  possess.^'.  The  answer  is  2.  the  same  number  os  the  number  of  roots 
in  still  airCf-^.Thc  values  of  these  two  roots  con  be  (rocked  numerically  by  gradually  increasing  the  speed  U, 
a  fairly  intensive  numerical  exercise  which  is  not  altogether  compatible  with  control  system  design  methods. 

So  further  approximations  to  the  aerodynamic  transfer  function  are  iisuaiiy  introduced. 

The  simp/.  St  oppro;cfmation  is  to  ossumc  quasi-stcody  aerodynamics,  where  s)  is  replaced  by 

The  procedure  to  find  the  roots  is  then  trivial  but  inaccurate  if  the  roots  are  not  located  within  the  region  Is] 
less  than  (non-dimensional  aerodynamic  rise  t//ne^“*. 


The  most  common  approximation  uses  rattonol  functions  in  the  s  plane.  Bsscntially  the  impulse  response  is 
approximated  by  a  combination  of  exponential  decoy  functions.  For  example , if  the  step  response  response  to 
a  unit  change  in  0  is  approximated  by  the  sing/e  exponentiol  decay  function 


ft)  -  e  ^  /2J  , 

where  the  vuiue  of  the  constant  p  is  determined  from  o  best  fit,  then 


The  stability  equation  (39)  then  becomes 


'44) 


1‘4‘J) 


Ts=4-1>s+K- -o  '"SJ 

SrtCp 

It  is  seen  that  the  order  of  equation  (M6)  has  been  increosed  from  a  quadratic  to  a  cubic.  There  arc  now  three 
roots,  SO  one  root  must  be  spurious  with  no  physico/  meaning.  Increasing  the  nur.^ber  of  exponcotiu/  terms  in 
equation  (Uh)  to  improve  the  accuracy  of  the  impulsive  response  wn/i  also  increase  the  number  of  spurious  roots. 
These  spurious  roots  cen  be  c  nuisarce  in  a  control  design  exercise. 


dig) 

An  alternative  approach  recently  invcsligoted  by  Vepa^  ■'^npproximotvs  thc^  cierodynomic  transfer  /unction  by 

Ji  -nS^ 


a  ii, 


(ni) 


The  coefficients  Oilcan  he;  determined  directly  from  the  osci»/otory  derivot/ves  C  (M^^v)  The  roo/s  ore  then 


determined  from 


Is’-4.T)s+ C' ("Z ■ 


(^B) 


This  form  of  equation  (M8)  is  typical  of  0  time  delay  diffcrtnlio/  oq-iotion  which  hos  beer,  applied  m  other 
control  system  contexts.  The  advantage  of  this  approach  is  that  it  does  not  introduce  any  spurious  ruu's. 


If  now  there  is  fecdbach  through  a  trailu.g  cd^o  i.ontrol  surtoce.  the  closed  loo''  equotiens. 


Te  +^b(S-^K  &  i  0tt))=mf>aKfc3 


where,  in  genera/,  assuming  no  actuotior.  log 


■)  =  A  ©&>  +-jB<9(fc)  +  C  J" ■.9«-Vc:  . 


I'ly/ 


7hc  anno/  control  system  design  is  to  determine  values  of  A.8  and  C  to  best  meet  the  spccifiiotivns.  All 
of  the  obove  discussion  on  oerodynainic  transfer  functions  can  be  earned  over  to  this  closed  loop  problem. 


This  part  of  the  paper  shows  that  cor.trol  system  design  15  heavily  doininoted  by  linear  synlhes/s  inef/iods  which 
imply  linear  aerodynamics.  But  the  linear  oerodynomics  themselves  have  to  be  further  approximated  and 
tai7orcd  in  nnalytii.  forms  which  arc  consistent  with  control  system  sfrotegic.s.  This  is  «n  (iron  uf  ncrivc 
research. 


But  it  is  know  t/iot  l.ncarizcd  aerodynamics  do  not  apply  of  tronsonic  speeds,  5o  there  are  two  mum  guoi/ions^ 
fij  How  does  control  system  o'esign  methodoloy  cope  with  non-/ine«r  tronsonic  unsteady  oerodynu/nics.^ 
Modern  oerop/ones  arc  currently  flying  with  sop/nslicoted  control  systems.  Do  we;  deduce  that 
sotisfuLtory  systems  hove  been  developed  without  the  need  to  know  obouf  non-hneor  aerodynamics? 

(a)  Lookina  fi  the  future,  is  there  a  need  for  closer  d’olnnuc  bctwcii  control  designers  nnd  ucro- 

dyncnifcisc  to  seek  appropriate  fcnrulotions  of  rcuhslic  aerodynatrics  in  controf  design  strntr.g/cs? 


CONCLUSIONS 


(i)  The  aerodynamic  rise  time  to  ottoin  steody  stotc  conditions  hos  been  shown  ro  irnicosc  significantly 
at  transonic  speeds  but  then  to  drop  abruptly  ns  the  Mach  number  approaches  l.  The  reasons  why 
ore  unc/eor. 

(fij  Current  techniques  tu  predict  steady  and  unsteady  uerDdynunnrs,  which  give  reasonable  estimates  for 
overall  aerofoil/wing  motions,  give  poorer  psrimutes  for  confro/  surface  choroctenstics.  At  /cost  one 
set  0/  re/iob/e  experimental  data  exists  for  unsteody  confro/  sorfocesGp)  so  perhaps  ef/ort  in  the 
near  future  should  be  focussed  on  estimation  procedures.  A  coordinated  effort,  possibly  sponsored  by 
AGARD.  cou/d  clarify  the  current  stotC- of-t/ie-urr.  identify  problem  areas,  and  propose  futu.'e 
directions  of  reseorch. 

(id)  The  contribution  of  unsteady  oerod/ntimics  to  control  system  design  is  /muted  to  opproximole 

forms  of  linearized  aerodynamics.  To  use  more  accurate  non-linear  aerodynamics  poses  considerable 
difficulties.  On  the  other  hand  accurate  ucrodynam/cs  moy  nor  be  required  with  modern  confro/  system 
fec/inigucs. 


[4-L^ 


A  closer  dialogue  between  ocrocly/iom/t/Afs.  stfxidy  nnd  unstforiy,  with  control  system  designers,  could  be 
highly  beneficial,  mainly  to  aid  tnutuai  undcrstonding  but  also  to  clarify  the  future  role,  and  direction  of 
research,  of  unsteady  ocrorfyr:om»cs. 

Perhaps  on  AGARDograph.  where  contributions  from  o  number  of  experts,  moulded  /nto  0  unified  text, 
might  he  one  way  of  proceeding. 
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SUMMARY 


The  steady  and  time-dependent  aerodynamic  characteristics  for  a  low  speed  half 
model  of  a  typical  combat  aircraft  configuration  fitted  with  a  65*  delta  canard  are  com¬ 
pared  with  those  for  the  same  model  fitted  with  a  44«3*  swept  canard.  The  tests  were 
.iiade  in  the  RAE  13rt  x  9rt  Wind  Tunnel  on  a  large  model  of  the  RAE  High  Incidence  Research 
Model  (HIRM  1),  modified  to  represent  the  Experimental  Aircraft  (EAP)  configuration. 

For  the  same  planform  area,  the  delta  canard  gives  higher  lift  and  comparable 
pitching  moments  for  trimming.  For  canard  and  wing  huffeting  the  differences  are  small. 
The  pressures  induced  on  the  wing  by  oscillation  of  either  the  delta  or  t^je  swept  canard 
are  very  small  and  comparable. 

Overall,  these  low  speed  measurements  suggest  that  delta  canards  might  have 
advantages  over  swept  canards  for  future  combat  aircraft. 


LIST  OP  SYMBOLS 


^BC 
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1 

/nOTnT 


Q  ■= 


static  bending  moment  coefficient  (Eq,(l)) 
lift,  drag  and  pitching  moment  coefficients 
normal  force  coefficient 
local  chord 

aerodynamic  moan  chord  of  gross  wing  (868  mm) 
pressure  coefficient 
frequency  (Hz) 

upwash  factor  due  to  wing  and  body  (Eq.(3)) 
buffet  excitation  parameter  (Eq.(2)) 
generalised  mass 

total  broad  band  rms  pressure  fluctuations  on  wings 

free  stream  kinetic  pressure 

gross  wing  area  (1.031m  ) 

exposed  wing  area  (0.78in^) 

exposed  canard  area  (0.092m^) 

exposed  canard  semi-span 

wing  semL-apan  from  centre  line 

C'treamwlso  co-ordinabe 

spanwlae  coordinate 

rms  tip  acceleration  In  mode 

free  stream  velocity 

wing  and  fuselage  Incidence 


1*^-2 


cariupi]  (.■rrool.lvo  Innliloncc  (Kq.(^)) 
total  damping  fraction  critical  (Kq.(?)) 


n  “  isetnl-opan  ratio  for  wing  pressure  plotting  section 
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1.  INTHODUCTION 

A  detailed  atuOy  of  tho  steady  and  time-dopendont  aerodynamic  characteristics  at 
Low  apeoda  on  advanced  combat  aircraft  configurations  fitted  with  canards  Is  being  made 
with  a  large  half  model  of  the  RAK  High  Incldorice  Research  Model  (HIRM  1)  In  the  RAE 
13ft  X  9ft  Tunnel,  For  the  untnodlfled  model  with  an  undrooped  leading  edge,  reports  have 
been  Isaued  giving  a  description  of  the  complex  Interaction  between  the  canard  and  wing 
riowa^  and  of  the  wing  pressures  induced  by  the  oscillation  of  the  canard^. 

The  model  was  then  modified  to  represent  the  Experimental  Aircraft  Project  (EAP) 
configuration  with  an  L-ndrooped  leading  edge.  The  modified  model  successfully  reproduced 
the  known  general  obcaay  aerodynamic  characteristics  and  also  gave  useful  Information 
about  the  t Ims-dependent  characteristics^*  Hence  it  was  decided  to  exploit  tills  modified 
model  to  address  other  Important  questions. 


This  Paper  asoesaes  the  possible  advantages  of  replacing  the  EA?  canard,  (with  a 
swept  pLanrorm)  by  a  canard  with  a  highly  swept  delta  planform  (Fig  1),  The  advantages 
of  the  present  swept  planform  include  a  compact  design  and  the  fact  that  the  short  root 
chord  allows  relatively  small  gaps  at  the  fuselage  when  the  control  la  deflected.  A  della 
planform  would  he  less  compact  and  because  of  Its  longer  chord,  and  the  fuselage  curva¬ 
ture,  would  have  larger  gaps  when  the  control  lo  deflected.  However,  a  delta  planform 
should  give  appreciably  lower  wave  Ji'a^  at  supersonic  speeds,  due  to  the  offeclH  of 
increased  sweep  and  possibly  due  to  an  tm[)roved  area  d latrlbutlon . 

Despite  this  Important  advantage,  hitherto  delta  planformu  have  nut  been  considered 
nerlously  because  of  fears  that  control  power  might  become  Inadequate  at  high  angles  of 
Incidence,  or  that  vortex  bur3llng‘*  might  Increase  the  wing  buffeting.  Tnr  present  tests 
suggest  that  those  I'oars  are  unfounded:  control  powen  Is  Increased  with  the  delta  canard 
without  any  adverse  effects  on  tlie  wing  buffeting.  Hence  delta  canards  ahould  bn  Included 
in  future  design  studies  of  advanced  combat  aircraft, 

A  preliminary  study  vi  *  lu  buffotlMg  do*,  uc  canard,  •' ♦'nd  w^ng  ■a^p^rai  Innw 
has  already  been  reportedS^  and  lnclu<h‘3  muanuromenta  with  hotlj  tJw*  nwrpt  and  tielta 
canards . 

.  KXHKIUMKNTAL  IJETAIhS 

doriipLete  descriptions  of  thr  motlel  an*  Incluiled  In  l  .and  1  and  .an*  suinmarlnud 

here.  Th“  model  Ic  niountod  on  the  half  mode]  balance  In  the  I  loot'  of  thr  HAI*,  ]  <rt  x  9rt 
Wind  l>*uiiel  JO  that  overall  steady  forces  can  be  measured.  .Steady  and  time-dependent 
preusurco  arc  measured  on  both  upper  and  lower  aurfare-.  at  thrtte  apanwlac  oectlors  on  the 
wing  (Fig  1)  using  the  HAK  PIUC.STO  system'’.  'Hie  wing  motion  In  the  first  bonalng  ai 

r  =  ??  Hz  Is  measured  by  an  accelerometer  near  to  tlie  tip  (at  n  "  0.8). 

? .  1  Canards 

Fig  ?.  sliows  th(;  swept  canard  (described  '.n  Hcf  3).  Klg  3  allows  the  6b"  delta 
canard,  which  Is  a  flat  plate  of  constant  thickness  with  a  chamfered  leading-edge  and 
which  oloaely  resembles  the  wing  of  Ref  4,  Both  canards  are  of  similar  construction  and 
have  a  pair  of  glass  fibre  skins  which  are  3tirfenc<l  Internally  with  polyurethane  foam. 

The  canard  loads  are  diffused  from  this  relatively  weak  structure  Into  a  steel  root 
block,  which  has  a  strain  gauge  brldp;e  conflgurod  to  moaaure  the  bending  burfellrjg 
resiJonsc  In  the  usual  way'.  The  first  bending  frequency  of  the  swept  and  <IeltH  canards 
were  '38  Hz  and  134  Hz  respectively. 

2 . ?  Analysis  o f  measurements 

For  the  delta  canard  the  c.'i'- ird-root  bonding  moment  coefficient  Is  given  by 


cjinard  bending  moment  , 
C|„  -  ■ 

where  -■  exposed  cnimrd  area  (0.09?  m^), 

=  exposed  canard  sen.l-span  (0.?9'3  m). 


and 


The  factor  0.33  is  introduced  into  the  denominator  of  Eq.(l)  to  make  the  measured 
bending  moment  equivalent  to  a  lift  coefficient,  Clq  ,  for  a  lift  force  acting  at  the 
centre  of  area  of  the  triangular  planform* 

As  a  safety  precaution  and  as  a  measurement  of  the  buffeting  of  the  flexible  wing, 
the  wing  ao.celerometer  reading  was  recorded  also  for  every  data  point,  using  a  spectrum 
analyser  (BrUel  and  KJaer  Type  2120),  Por  PRESTO  the  measurement  time  of  ^4  s  gave  about 
7b0  cycles  of  buffeting  at  the  wing  f Irat-bendlng  frequency  (22  Hz),  so  that  accurate 
measurements  of  dar/iplng  were  possible  from  the  signals  recorded  by  the  PRESTO  system. 

Buffeting  response  Is  measured  as  output  from  the  strain-gauge  bridge  In  v'olts. 

Pop  the  wing  the  buffet  excitation  parameter  In  any  mode  is  given  by  the  relation^  , 

_  .  2  m'r.  r,  ^ 

/nG(n)  ^ 


where  m  »  generalised  mass  In  mode  with  respect  to 
7.  5*  rms  tip  acceleration  In  mode, 

q  -  kinetic  pressure, 

«  exposed  reference  area, 

^  a  total  damping  -  as  a  ratio  of  crltl*sal  damping. 

Before  the  tests  the  generalised  maau  for  the  wing  bending  mode  wan  imennired .  TIm* 
wing-tlp  accftioratlon  applicable  to  the  first-bonding  miMle  was  deduc.Hj  from  the 
acceleromotor  reading  at  n  *  0.8  acc<»rdlng  to  the  relation 


(2) 


motion  at  Lip, 


(acceleration  at  n  =  1)  «  l.b6  (aceel erat Lon  at  n  •  O.H) 


Damping  coefficients  were  extracted  from  the  spectra  of  the  olgnals,  uuln^  Llie  hal  P-powi'p 
method.  Knowing  the  generalised  niasa,  tho  Up  acceleration  and  the  total  damplru/;  thr 
buffet  exaltation  param-'tor  could  be  oalcuLatod  Hccordlng  to  Kq.(2)  I'or  the  wing. 

Unfortunately  Rq.C?)  could  ru>t  be  appllenl  for  tin;  d‘*M.>  (‘anard  beoau:;«‘  It  ['r'e/»'d 
IniposslhU*  to  obtain  accurate  values  of  the  g(;n»?raM  niMl  mass  for  the  hfjndlng 
at  134  Wo,  I  An  attempt  was  ma<le  to  mc'aauro  the  geru*ral  ir.e<j  mans  In  the  usual  w:iy  by 
adding  small  masaea  bo  the  tlfi  of  the  canard  and  noting  the  rhangc-  In  freaueney .  Hmwovop, 
due  to  tho  high  level  of  structural  damolng,  and  the  corr-'spi.iullng  flatiien;}  of  th*' 
spectral  pe.aks,  these  small  changes  In  frequency  could  tud.  be  measured  accuruti'ly ,  I  Hets’e 
the  canard  'oot  strain  signals  (in  mV  at  Hii  Hz  ra'.‘asur<Ml  by  the  ;;|u?ctrum  -inalysor)  wore 
compared  with  previous  tsiffetlng  meosurements  ori  an  loolal«»d  hS“  delta  wing  wli.li  .t  olmllar' 
geomotry*'  (of  Kig  10b). 

2  .  1  Ter.t  condH. lo|is 

A  roughness  hand  3  ifini  wide  of  0.  36nim  dl.'unei.cr  ballotlnl  was  applied  to  I'lx  tran- 
.sltien  at.  j  rT*ni  frem  i  1 -ad  Ing-cdge  ol’  both  tho  and  tie*  e^tiard,.  Most  itiedout'ciiierits 

were  made  at  a  spued  of  60  m/s,  giving  a  Hcynold.s  nuniher  R  ••  3./  ^  igh  based  on  tfn;  wlrjg 

aerodynamic  moan  chord,  c  ,  .*>ome  additional  raeasupf* •■•*r»ts  were  mad«)  at  ri?duced  !jpocd3  of 
4u  and  20  m/s.  Unless  otherwise  stateil,  all  the  raeJ  ‘'.''.•ments  presuntt.'d  :u’'*  at  to  m/s . 

No  eorrectlcns  were  made  for  tunnel  interference.  In  this  closed  wv.rlclng  suction, 
corrections  would  bo  l.arge  for  .Mneh  »  .••irgo  half  mode!,  pai't l«:u I ar ly  at  angles  ol’  inci- 
dcraio  frean  J‘j-30*  when  the  wing  flow  J  .s  well  sr»parat<Ml,  Tlie  unoorructed  utc-ady  LWt  co<*f- 
flr.lont  will  have  large  t/rrors  (up  to  0,1  In  Cj,)  following  f  U>w  -separat !  fui .  This  Is  shown 
by  the  cofiiparl.Jons  of‘  uncorrcc t<*d  ami  corrected  llfi.  curve.-t  (Hef  10,  Elg  20)  for  a  aoinhat 
a  I rt! ral't  half  model  of  aifnnst  the  same  suiol-sp.an  (sy,  1  3‘>0  mm  ••oinpats’d  tT>  -  HOO  intii) 
atul  planform  (lUMupare  I' g  Rvf  10  v;lth  Klg  1)  also  tt,':jted  In  the  HAE  lift  x  Vth.  Wind 

I’lmnel.  However  wall  corrections  are  unlikely  to  affect  tin*  r.haractj'p  of  the  I  at'-*  r:u;  t  Ions 
>»etwecn  the  canard  and  wing  flows,  which  Is  the  m-ilii  objective  of  these  tests. 

Thu  static  forces  and  moments  meusurud  hy  th»-  balarioi.*  and  the  steady  and  fluctu¬ 
ating  pri’ssure  and  model  motion  measurenents  using  t-lie  pHESTo  system  wore  rcybrlcted 
generally  to  t  0*  ,  10*,  12*  (buffet  onaet),  1'^*.  20*,  2‘)*  and  30*.  The  tests  tii’ 

the  d<.*lta  canartl  were  made  in  March  I987:  the  main  rcrlcni  of  t«.*ats  on  the  swej)L  c.inard 
were  made  In  June  1906  and  are  reported  fully  In  Hof  i. 

3.  RESULTS 

Fh  *  statli'.  (’01  cu  and  LufrHting  mMHsiir"ip.»nt.H  c)!  the  present  tests  confortn  to  the 
general  character  o**  those  found  in  previous  experiments^*'.  IU*nce  It  la  tninvcnJont 
first  to  conaider  briefly  tin?  overall  static  forces  anil  rcomonts  (section  3,1),  the  wing 
and  canard  buffeting  (section  3.2)  and  the  cariard/witig  flow  IntJ'ract  Ions  In  terms  of  the 
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canapfi  effective  Incidence  (section  J.3).  The  J.ocal  steady  pressures  and  buffeL  cxci- 
tat’v.i  on  the  wing  are  considered  in  detail  (section  3-^)  and  wing  pressures  indacod  by 
oiard  oscillation  are  discussed  briefly  (section  3-5). 

During  thes'i  tests  small  surface  mlnltufts  gave  a  general  Indication  of  the  dtivt'i- 
opment  of  the  viscous  flow  on  the  wJng  (Hef  3,  Appendix  A),  These  minltuft  observations 
are  carefully  related  with  the  steady  and  fluctuating  pressures  on  the  wing  and  the  wing 
buffeting^.  It  is  helpful  to  recall  the  main  conclusions  from  the  teats  wlLli  the  swept 
canard.  The  strake  vortex  Inhibits  the  growth  of  ’oubbLu  separations,  Increasca  lift  and 
reduces  buffeting  (Klg  4).  The  further  effect  of  a  swept  canard  (for  positive  eanar*l 
effective  Incidence)  enhances  the  favourable  effect  of  the  strake  v«^rtex .  Thlr  ben¬ 
eficial  effect  of  the  canard  Is  small  compared  to  the  large  favourable  effeet  of  thi* 
strake.  The  minltuft  photographs  on  the  wing  are  virtually  the  same  with  tlu;  swj'pt  anc} 
delta  canards  and  hence  are  not  reproduced  l»ere.  Nevertheless  they  are  thi*  first 
Indication  that  both  canards  have  roughly  comparable  effects  on  the  wing  flow, 

3 . 1  Overall  static  f'orcca  and  moments 

Klg  b  shows  tiiat  the  effect  of  both  the  canards  on  the  overall  lift  Is  mudi  Lhi- 
same.  Kor  the  delta  canard  (Klg  ba)  the  lift  increases  steadily  with  InoMence  so  that 
at  a  ~  lift  coefficient  of  Cr  ■  1.58  lo  deveiop»*d  for  ooi  h  *  -5*  and  -10*. 

The  measureni'  "  s  for  the  swept  canard  5b)  are  r.orrpai*ablc  tut  generally  i  lll.tli?  lowi-r 

at  the  higher  angle,!  of  Incidence,  eg  at  >i  *  i'S*,  f).  "  1.55  for  -  -in*.  We  shall 
later  (section  3,3)  that  for  evr*ti  at  -x  *»  .'»5*  the  efK»cclvc  Ifjcld'jnrc  !.•, 

still  negative  for  both  canards  so  that  t>u»  Interforeno'.’  '‘rfi'cl-  otj  th**  wing  la  iilv'-i-.ji’ , 
yet  small  according  to  Hof  3.  rig  5  shows  tlwit  IVjr  •  -Al*  tin-  lift  iMji-vrs  for  bui.h 

and  swept  canards  are  virtually  l<lentlcal  and  below  thi-  ‘canard  off'  vshn- 

(equivalent  to  !(.  “  0*  according  to  Hef.s  l  .an?!  ]}  Included  iti  Klg  5h , 

h'ig  6  shows  the  different  effects  of  each  cuinard  on  the  pitching  moMerjts.  Tin* 
incrcrmentul  pitching  moments  gent.ualeil  by  the  delta  canard  (Klg  Ua)  are  appreo  iali  l.y 
higher  than  those  due  tu  the  swept  oanaru  (Fig  ob)  preaumably  bec:au.i»?  Liu*  cu'nirj?  of  lift. 
l8  further  forward  of  the  moment  centre.  For  a  Of,  of  1,3,  the  change  in  plteiurig  moment 

between  no  ®  -5*  3m«J  -10*  Is  ab<»uL  1001  higher'  I'or  the  delta  canard  but  only  about  .U)t 

high*!!'  between  nf,  =  -5*  arid  No  compHrat. Ive  measuremctiin  wore  made  In  l-he  I '•stfi  of 

Kef  3  for  the  swept  fMtuir<l  hL  hjj  *  -.**5*  and  H  "  3,7  »  10(».  lF>wever  some  men.*'. jr-*tneni.s 
w**re  made  for  ■  -Pb*  at  reduced  spce-d  (U  »  jn  m/s,  H  -  l.r  •  10^)  ami  these  at" 
Included  in  Kig"(jb  to  provide  k  rough  comparison  to  the  delta  eanard.  Thi*  In 

pitching  moment  hf»tw(M}n  ni*  ■  -5*  an<l  -75“  would  then  be  about  <iut  hlgle-r  for  t)je  di-li.a 
f’.anartl  codiparcMi  to  tlu»  swt.>pt  canani. 

Fig  6  suggests  that  if  the  are-i  of  thi*  de-lta  canard  had  b.-.m  reilue-  ij  by  about  I'.I 
It  wotild  still  hsv''  given  Improved  c^intcol  pow'M*  roiiipar»*d  1.0  th"  swept  canard  ovr  mtj.it, 
of  the  range  of  the  eontroL.  Al  tornat  Ively ,  the  delta  canard  could  have  bc.'n  'n.u-laeed 
doWiiytri*aiii,  to  give  the;  snini?  control  pow..‘t'  as  t>ie  swept,  couiard. 

It  is  Intcjn.-stlng  to  note  that  the  delta  canarcl  maintains  Its  efl’ecM.l  vent-a.i 
(dCm/diic)  for  co  "  -'ll*  in  the  rang^  from  n  <  Cj  <  \  (Fig  (.a).  fn  conl.rist  the  sw'pt 
canard  for  n  *  -/U*  apparently  «tsrts  to  lose  e('f  ecti  v**n"sn  n.*ar  v.^^  I,  ’I'hls  -'url'-.u;! 
anomaly  In  th  testa  of  Hef  (  Is  getmlrn*  and  ocs’iirs  at  both  11  -5  nn  an-i  ;to  m/;*.  .  H.  hr.s 
not  yc>l  been  explained  and  would  be  wi*rthy  of  furlner  tnvesi  Igal  ion  on  i  :;p*M>  I  f  I  <■  pr>.iiMM. 

I'dg  [  1 1 1  us  i.ratn.'i  the  i>i’fe<rt  twi  th'*  can-ar*d:*.  on  Ids  ovi-rall  di'ig.  t'ot-  a  glv'Mi 
canard  setting  the  trimmed  Cf,  valuen  ar"  a  little  lower  w.H-h  tbc  .Jelta  eannrd  tbos  vMl.h 
the  swept  canard  (Fig  7a),  as  are  the  eorrespcjiuUng  llft/<lrag  ratios  (h/b)  when 
expressed  as  a  function  ol’  trimmed  (Ftg  Yb),  The  reduei.lon  In  l./b  wHIi  tie*  di*ii:i 

canard  Is  ainall  despii  ?  the  unrealistic  bas"  drag,  part  loul  ai-l  y  for  •  1.  If  th>-  I'lsi. 

plate  section  of  the  delta  canard  (Klg  3)  ha«l  been  rcpl.iee.l  by  a  thin  a.'rol'oll  .;e.;  1. boi , 

Its  large  basi*  arc*a  (and  b  lut*  drag)  would  have  be«*n  i»iilnati»d  giving  a  iim-wlia blgli--e 
\,/\)  .  This  might-  have  been  inuo.li  the  sam,-  or  }>ossn»ly  ev»*n  a  llttl.-  hlgb"r  than  for  t.le- 
swept  Canard. 

3  .  K  Wltig  and  canard  but'  feting 

3.7.1  )libS_liaf£et  lj}£ 

Fig  8  shows  that  the  :i<ld1tloti  i>r  i;lther  canard  f.jr  both  .1,.  -  -in*  and  -'r“  only 
makes  relatively  .small  changes  to  tin-  wing  burfe-Llng.  Fig  Ha  shows  tin*  excHat.lon  para¬ 
meter  In  Idle  first  bending  mode  plotted  against  n  .  For  n,.  =•  -10*  th<*  canard  "frecllV" 
Incidence  (dt^flned  LaL(?r)  Is  always  positive,  so  that  the  I nturferene*-  on  the  wing  Is 
favourable.  The  wlrig  buffeting  is  miicii  Liu-  s.iine  or  both  <--.ariar*iis  ami  a  little  lower  l.hati 
I-Of  tlu;  wlMK  alone.  In  eonl.raat  for  live  Inr  Mrne.,-  l.-i 

generally  negative  and  the  Interference  on  th*-  wing  Is  unravourab  1 1- .  The  wlfig  burreilng 
Is  much  the  same-  for  both  canards  and  generally  somewhat  hlgluM’  than  for  l-lc*  wing  alone. 
For  the  ilcLta  canard  at  tif.  -  -41*  the  iiie;isiiri'meiit-:t  were  •■'xteiided  d<»wii  to  ii  ■=  5*, 
although  this  reprosents  an  unrealistic  mindltlon.  .5urh  a  high  neg.itlve  e.anard  setting 
should  never  be  oomhlned  with  such  a  low  lijcldciice  b.-jcaus'.*  high  ntrgatlv**  canard  sett.lngs 
would  be  utilized  only  for  recovrr-y  at  high  angles  of  incldonce.  Here  the  buffot  excita¬ 
tion  from  the  separated  flow  on  the  li>WL»r  surface  t>r  the  carmp<l  atrofigly  excites  the  wing, 
when  the  wing  I’low  Is  Itael.t  attached.  [This  wing  motion  causes  a  feedback  proceBS  which 
Inoreaaes  the  canard  buffeting,  ao  dlncussed  in  Fig  10b.  M<>  coinparahle  measurements  were 
made  for  the  swept  canard  at  “  -4l*,  but  a  comparable  Increase  In  wing  response  would 
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be  expf'O-ted .  1  Pl>5  8b  shown  the  wing  buffeting  me^surementa  plotted  agalrmt  the  overall 
lift  coefficient.  The  effects  of  the  canards  on  the  overall  lift  (an  Increase  for 
TiQ  •  -10*  and  a  decrease  for  no  ■  -^*1*)  make  the  effect  of  the  canard  on  the  wing 
buffeting  more  noticeable. 

3 , P . ?  Canard  static  bonding  moments  and  buffet Ing 

For  the  liolta  canar’d,  static  bending  moment  roeff  Irlents ,  ,  and  buffeting 

algnals  were  measured  with  and  -dji  * ,  generally  ov»»r  the  InclfienoH 

range  from  n  *  b*-10*4  Pig  ha  ahowo  tliat  for  all  canard  pet.tlnga  Inrreaaea 

steadily  with  a  ,  apart  from  two  exceptions.  For  there  la  a  smlden  dlocontl- 

nuity  In  the  bending  moment  coefficient  at  a  •  PS*.  For  the  canard  appears 

stalled  at  a  ■  S*  .  [This  Is  an  unrealistic  condition  ac<*,*>rd!ng  to  section  3.P.I  above.' 

Fig  ehowa  tlie  corresponding  canard  buffeting  signals  at  Hz.  Tne  fluctu¬ 

ating  signal  in  mV  is  plotted  rather  than  the  buffet  excitation  paramet^ir  because  of 
the  uncertainty  about  the  generalised  ma  s  in  this  mud**,  la  dlscusseil  in  section 
The  main  featiirc*  of  these  measurements  la  that  for  with  the  ranurd  stallerj 

at  a  '  [)* ,  the  buffeting  signal  la  remarkably  high  iPOS  mV).  Thereafter  the  hufff?t  ing 
decreases  as  a  Increaseo,  reaching  a  mlnlmintt  hL  pn*  before  !r. ‘rearing  again.  K'»i‘ 
n^,  »  the  huffetlng  reaches  a  maxlmuiii  at  u  -  .’S*  »  at  t  ue  d  lHO“nL  Inu  l  ty  in  ntatlo 

bending  moment  c- leff  1  c  1  ent .  For  “  -10*  and  Lht*  «*;irmrd  buffettrig  Is  generally 

ooinewhat  smaller  than  for  n,>  •  -h*. 

Following  pri'Vlnua  practice  with  diverse  cafiai«l/w  1  ng  «-onf  Igiirat  Ions  ‘  *  i  r  >  ^ 

the  i.arjard  alatle  beti«llng  mofTir'ril  .‘o^d*  f  I  r  1  .‘nt ,  l-h**  huffetltjg  signals  may  b'‘ 

oxp’'eyp»‘d  as  uul'iue  I'unctlonr.  of  canard  ..f  r»'«;  1. 1  v.«  1  nr  1  d.-rirc  ,  ,i,.  . 

For  tin-  symmetric  swept  eariard  tii  t  Ir*  f.*Mt.”  oi*  Uef  t 


where  k|  ■  upwish  factor*  due  to  the  wing  and  5.h»*  funelsgc. 

In  Kd .  M )  ki  Is  a  riinefi<iti  ef  o,.  . 

It  waa  hope.i  that  K'i.(l)  would  aln  *  apply  f-n*  th.*  .loita  esnsisj,  but  this  hope 


w.ts  not  rcullsed,  pr*;tuibly  tj«c.iuse  \)V  Hh»re  •■oniple*  I nterte r. i «»ns  b.‘tW">'ii  th..  I'iuard  and 
wing  flows  «;oiiiMiiHd  with  th>'  '•ffeetn  “f  Mu*  1  «»m«i  1  ng-»‘dge  elisnil’ef  .nod  t  »|»*  h.ise  flow  -it.  lht' 
tfalllnp:  islgr  (due  fj  the*  eer^atin*  tpleknessK  The  re  1  at  j  ..tisb  1  p  oh.frved  was  -f  t  h«* 

I,.  •  (  1  +  k  I  )  a  f  n^.  *  '  (  l|  ) 

whi  ru,‘  k|  and  i  are  fiinctlons  «if  .  Tin*  vahjea  of  k  j  are  Identd.ii  wltli  .o*  ■•lo.si- 

t.ri  the  valueii  foiin.l  In  Hc(‘  3  for  the  swept  canard.  This  is  peas. -nalj  I  e  be-*ai)ne  .iee,,rd  1  tig 

t  1  the  theory  1,  Apperi<11x  f)  ttu*  upwiish  ')ue  to  r.h**  wing  sliouid  he  nearly  *  h"  uaitie  for 

Mie  flelta  and  swi'ut  canards.  fyir-'"  values  .>1’  \  (glv»*u  a  ‘eni.aMve  exp  I -oist.  1  on 

'■  1  sowhi.fr*)  are  I’ctpilrrd  t.o  ensure  that  for  sin-ill  et'feotlve  angles  of  Ineldetuo*, 


O.. 


C-.) 


A  fe  1  at  1  onidi  1  p  of  this  type  appears  de.iirahW*  bi.oause ,  despite  I  h**  aayininef  r-y  causeil  by  Mw 

I  esd  1  ng-e.lg,.  nh'ltlifer  etl  Me’  l<iwer'  surface  .)f  the  la'>lat.‘d  h'l*  delta  of  Hef  ll  ,  t.he  arigje  I)f 

lncl.l».fice  for  7.*^r■^  tiormal  force  was  very  small.  Using  I'hs  ,  (*1)  and  {'i>  the  mi‘asur*''merit  ;• 
!’or  the  d.»lt.a  c'ltiar'd  can  now  hr  ppe.ae:il.e.|  an  a  funebton  of  .  ,  (Fig  in). 

For  t  h(>  utatl’’  heiidlng  moment  eoof  f  t  c  1  erits ,  Fig  1  Oa  shows,  a  unique  relationship 
hetweMO  t'oe  ftOil  r.f.  -  Ih",  srid  --'Jl*,  .ivef  til**  wide  rang!*  of  canard 

•  •ffei'-tlve  Inclderire  from  -in*  <  n,.  '  'JO*.  This  relationship  Is  In  gooil  agrcetni'Tib  with 
the  normal  l'oi‘v*e  coefficient,  (’jj  ,  measured  oj:  the  Isolated  t'l*  (h'lt.a  wing  of  Hef  N  «,)Vi-r 
the  IruMdeiire  r'atigo  from  <)  <  n  '  iloweviU’,  for  ••  .’P*  ,  t.lie  prese'iit  measur’c'inetjts 

q  re  a  iit.t.le  lower  thsn  t)ie  wing  t’[^  meaaur’cineiit.s  from  ;m“  •'  n  •'  .'H' ,  Plie  static; 

benditig  HiofMerit  t'OMi'f  1  c  I  erit.s  for  n,*  »  -'»*  differ’  n  pi‘eee  lab  l  y  fr’cn  those  I'or  n,.  «  -U)’. 

This  Is  in  .anora  1  Ic'us  t'«*sii)t  b«M-.eise  foe  thi*  buffeting  algnals,  Klg  lOb,  shows  tliat  tin? 
ineasur.’rn.Tits  for  ut;  =  and  -in*  are  I’lrru!  1  stent .  There  Is  a  rapl'l  rl.'U'  above  about 

■  ?()*  ,  which  Is  t.lie  same  lij  e’larac’ter  Jis  that  •>h.sefved  on  *  h»*  tsolated  wing  at  vortc’X 
bn’akdcjwri'*  ,  In  order  t'J  relate  the  (•resent  nit’n*iureifHMit;;  i>r  enV  to  the  in«‘;i;'uryinonts  tit' 
/ridfriT  for  tie*  lolatfil  delta  of  He  t'  'I  It  b'  rea.sonible  t.t  e*iuato  the*  present  measnrt*- 
iru’Ots  at  a,>  ■*  (  *1"  with  tli»'  rneasureifents  i.*n  the  Isolated  dt'lta  wing,  at  a  *  ['I'lils 

has  tiie  advantag*’  of  iiiakltig  the*  *plat‘?Hii*  level  «>f  the  lnolat*;d  d**lt;i  wing  t)ie  same  .as 
that  Idjr  nc  *  -h*  and  -in",  I  Hc*ne«'  a  signal  of  .’0  mV  on  the  left  hanil  axis  corresponds 
approximately  tc-  moile  rat  c*  buffenlrig.  o;i  the  right  hand  axis  nr 


UlVtiTlInl  = 


.M»  r.iV 


I 


(b) 


36“, 


Af'cor-llnt^  to  r/j .  ( G )  the  maximum  lovel  oT  the  bufTet  excitation  parameteo,  at  ac  ® 

I-''  about  10  VnG(n)  =  (The  meanurenicnta  on  the  isolated  delta  wei*e 

l.°ri..lnar-'d  at  a  •  ?8*,  ini/nOT^  *  ?.0). 

Kor  where  ,  the  character  of  the  meaaiirenienUs  Is  comparable 

th^’je  for  np  “  -10*  and  -i*)**  with  a  rapid  rise  above  about  •  20“.  Ho-.v-_\/er  the 

buff'etlntr  levels  for  «•  IG*  are  appreciably  higher  than  the  plateau  level.  Here 

.-separated  flow  on  the  wing  exci&'^s  light  canard  buffeting. 

Ko^  nr  *  -*^1'  the  character  of  the  measurements  Is  completely  dlffererit.  There 
la  a  very  high  level  10^/nQ(n)  •  If.  at  n  =“  -?8*  (where  the  canard  Is  'stalled'),  a 
minimum.  10^/nri(n)  =  0.75  or  light  buffeting  aoout  ac  “  “9“  and  then  a  steady  increase 
to  ac  “  This  unusual  characteristic  Is  discussed  elsewhere. 

ri\teractlon  between  i.he  canard  and  wing  flows  in  the  (a  ,  nc)  domain 


Using  tq.^,  may  be  evaluated  as  a  function  of  a  for  eacn  of  the  four 

.■  inard  settings.  Hence  contour  plots  of  constant  oc  can  be  prepared  in  the  (a  ,  nc) 
domain.  From  Ref  ii  six  contours  ol  constant  relevant  to  the  buffeting  of  an 

isolated  delta  may  be  Identified. 

ac 

The  contour. I  defining  buffet  ons*'t  due  to  the  formation  of  a  small  vortex  close  to 
thr'  leading  edge  on  upper  and  lower  surfaces. 


The  vuinf.oura  for  light  buffeting,  <iue  to  the  vortex  burst  moving  Just  upstream  of 
the  t  ra I  1 Ing  edge . 

<it;  ■ 

Tne  contours  for  modente  buffeting,  due  to  the  vortex  burst  moving  further 
upatr'dim  of  the  trailing  edge. 

Thbo''  six  contours  are  Incl'Med  in  Fig  11a.  In  the  nl).s'?ncc  of  interference  om 
thf-  wing,  Fig  11a  would  be  sufficient  to  define  the  v'.anard  buffeting.  However  Inter- 
fnrencr  does  occur  under  certain  conditions  and  the  experimental  results  Indicate  that 
tie*  .'tltuatlnn  In  mort.-  complex  (Klg  11b). 

Tha  go<)l  correla’  .on  of  can.ard  buffeting  meaoU''ements  for  iq  =  -5*  and  -10* 

(Fig  lOb)  suggests  that  for  these  settings  there  la  no  strong  Interference  of  tlje  wing  on 
the  oanar-l  iniffh'tlng  <l.»sp\te  the  vori.ex  i)Pvakdown  on  the  upper  surface  of  the  canar'd 
4  (it»’r.'io  t  ing  wltli  the  wing  r.eparat  Ions .  For  nc  *  -25*  tlio  canard  buffeting  differs 
uwmt-what  from  that  r<'>r  an  laoluted  65*  delta.  Klg  J^b  shows  that  the  level  of  bul’fctlng 
for  o*  ‘  <  15*,  le  without  a  hurst  vortex,  is  appreciably  lilgher  than  tlie  plateau 

If’vel  for  an  Isolated  <lelta.  Herice  for  this  sotting  the  canard  receives  additional  excl- 
tatlf  c  from  the  s-'parated  flow  on  the  wing  over  a  region  indicated  roughly  In  the 
{n  ,  tjon.aln  liy  the  cross  hatching  (Klg  llh).  The  raeacuromonts  fop  n©  =  -^11*  differ 

fr“ni  tliosc  on  an  Isolat'.'d  delta  becaust*  of  the  strong  Interaction  between  the  canard  and 
wltig  flows  alre.dy  noted  In  both  Figs  10b  aiitl  <)b.  Thttsc  and  the  sf.nges  1  and  ?  are 
1 1  si'ijsru'd  ei  Mnwhur'.* , 


Tn  t.li*’  trut.«  of  H<*(’  i  tht*r**  woin*  sotn**  ariomallor;  in  huffoting  moasupcinerits  on  the 
,:w‘pt  iMuard  whon  t<‘’<l»*d  In  con Juiic t Ion  with  the  KAI’  type  wing.  Hence  It  Is  not  pos.sLble 
I'l  mak»*  a  dlrc»ot  {lomparlsori  botwe«in  the  bufft'tlng  on  the  d  Ita  and  swept  canards. 

Fig  12  show.s  Ltir'  (Toritours  of  wing  buffeting  (f'or  onset,  light,  moderate  and  heavy 
i-ufr'ri  I  tig)  In  th'^  (a  ,  doinalrt  for  both  the  delta  and  swept  canards.  The  canard  off 

nn'anurvtionts  frnm  Hef  ^  are  reinn.-sented  al'^tig  the  line  a^.  =  0*  In  the  usual  way*>3, 
positive  f’anard  effective  Inctcleiice  the  f.ivourable  effect  of  the  delta  canard  Is  Indlcaleti 
by  the  Increasing  dlstanoi/  between  the  contours  (Fig  12a),  It  Is  Important  to  notice  that 
voi  t.ex  Ijreakdtjwn  ki  the  upper  surface  of  the  delta  canard  (a^  *  +21.5*)  leaves  the  wing 
buffeting  unaltered.  In  complota  contrast  vortex  breakdown  on  the  lower  surface  of  the 
delta  eanar*!  (for  large  negative  values  of  ac  combined  with  low  a  )  creates  wing  buf¬ 
feting  with  attached  flow.  This  Is  shown  clearly  by  the  sudden  change  of  the  wing  huffet 

.niiM't  foritour’  al  vig  the  lin>’  =  -25.'^*  at  lew  angles  of  Incidence.  Thl.s  is  an 

IntereisMng  hiit  unrealistic  condition. 

Fig  i -’b  shows  tile  Lor-respond irjg  buffeting  contours  for  the  wing  tested  with  the 
canarn  [Here  the  canard  off  mc.asuremonts  were  slightly  dlft'ercnt  and  have  to  be 

r-'-presented  according  to  Kq .  (  ^ ) ,  rather  than  Kq.L4)  as  appropriate  to  the  delta 

canard.]  With  respect  to  bu^’fet  onset  and  light  buffeting,  comparison  of  Fig  IPa&b 
shows  that  the  cont<7ur3  for  buffet  onset  and  light  buffeting  on  the  wing  are  nearly  the 
sam*'  with  the  swept  and  delta  canards.  However,  for  the  moderate  buffeting  contoui’  there 
a  r*.'  some  d  I rference.s ,  The  swept  canard  la  inferior  to  the  delta  canard  for  a  realistic 
;;cttiiig  -  say  about  a  =  20*,  '  -20*  but  superior  to  the  delta  canard  for  an 

ijnr-*il  iai.lc  setting  of  about  a  ^  17,  nc  The  Intermediate  buffeting  contour, 


lS-7 

10^/niUn)  *  2,6,  enclo£ies  a  aomev/hat  lar'ger  area  for  the  swept  canard  than  for  the  delta 
canard.  The  heavy  buffeting  contour  Is  poorly  defined  for  both  swept  and  delta  canards, 
but  encloses  a  somewhat  smaller  area  for  the  swept  canard  than  fop  the  delta  canard. 

These  differences  in  wing  buffeting  are  comparatively  small,  consistent  with  the 
small  differences  In  the  steady  and  random  pressure  fluctuations  on  the  wing,  which  are 
now  discussed. 


3.^ 


Steady  pressures  and  buffet  excitation  on  the  wing 


The  general  di.velopment  of  the  wing  flow  with  the  delta  canard  shown  by  the  mlnl- 
tufts  roaenjble‘3  closely  that  with  the  swept  canard.  Consistent  with  this  the  steady  and 
random  pressure  distributions  on  the  wing  are  virtually  identical  for  both  canards.  This 
is  illustrated  by  a  direct  comparison  of  the  pressure  distributions  for  nc  “  -10* 
and  -41*  over  the  Incidence  range  when  canard/wlng  Interference  is  Impoitant,  le 
lb*  *  a  <  30*. 

For  nc  =  -lO*,  Klgs  13.  l4  and  15  show  the  steady  and  random  pressure  distribu¬ 
tions  at  a  =  15*,  20*  and  30*  respectively.  There  are  no  significant  changes  in 
character,  although  tliere  a»*e  differences  between  the  steady  pressures  (typically 
0.2  in  Cp  )  and  also  between  the  random  pressures  (sometimes  as  much  ns  0.05  in  p/q  ), 

An  indication  of  the  favourable  Interference  between  the  wing  and  canard  flows  is  provided 
by  the  overall  lift  coei'f iclents ,  which  are  shown  for  both  canards  and  also  with  the 
canard  off. 


Figs  i6,  17  and  l8  show  the  corresponding  pressure  distributions  for  pq  «  -41", 

Fop  this  canard  setting  the  Interference  on  the  wing  Is  large  and  unfavourable  for 

a  =  15"  and  ?0"  and  small  and  favourable  for  a  =  30*  (Indicated  by  the  C[^  values)  as 

discussed  fully  in  Ref  3.  Thus  there  is  a  radical  change  In  Interference  between 

nc  “  “10*  and  hq  =  -41*.  Despite  this  change  In  the  type  of  Interf erence  on  the  wing, 

there  la  again  no  change  In  character  in  th^  type  of  the  wing  pressure  distributions  with 

Che  two  canards. 

3 . 5  Pressures  Induced  on  the  wing  by  canard  oscillation 

An  Important  question  about  canard/wlng  interaction  Is  the  magnitude  of  the  forces 
induced  on  the  wing  by  the  dynamic  movement  of  the  canard,  particularly  when  the  canard  Is 
operatod  In  an  active  control  mode  over  a  range  of  frequencies.  There  are  two  specific 
questions : 


(1) 


can  dynamic  movement  of  the  canard  (about  a  constant  mean  setting)  alter  the  mean 
flow  on  the  canard  and  hence  alter  the  mean  flow  on  the  wing? 


(2)  Can  dynamic  movement  of  the  canard  induce  significant  dynamic  pressures  on  the 

wing,  possibly  reducing  the  pitching  moment  genef'ated  by  the  canard  Itself? 

Both  questions  are  being  answered  by  testa  for  several  different  configurations  of  the 
large  half  model  of  the  HIHH  1.  With  respect  to  the  first  question,  a  change  In  mean  flow 
has  not  been  observed  for  any  configuration  so  far  tested.  This  Is  an  important  negative 
coDclusion  because  for  conditions  where  the  canard/wlng  Interaction  is  Inrge  a  variation 
in  mean  flow  due  to  canard  dynamic  movement  could  have  serious  consequericlcs , 

With  respect  to  the  second  q-ie.stlon.  Fig  19  i^lves  an  overview  of  the  present  pos¬ 
ition.  When  the  standard  HIHM  I  canard  oscillates  close  to  the  basic  HlKM  I  wing  with  an 
uncambered  leading  edge  (Pig  19a)  the  dynamic  presGures  Induced  on  the  wlrjg  are  small  and 
Che  net  dynamic  pitching  moment  generated  by  the  canard  la  reduced  by  a  maxlitjum  of  about 
lOS  (Kef  2,  Fig  j6).  [The  dynamic  lift  and  pitching  moment  Induced  on  the  wing  are  esti¬ 
mated  approximately  by  integrating  the  local  pressures  on  the  upper  and  lower  surfaces  as 
described  on  tne  Appendix  of  Ref  2,]  When  the  delta  canard  (Fig  19b)  or  the  swept  canard 
(Fig  19c)  oscillate  well  upstream  of  the  modified  wing  (present  comparative  tests)  the 
local  induced  j>re3surea  on  the  wing  are  one  order  of  magnitude  uinaller  than  for  the  basic 
MLHM  1  wlng^ ,  Hence  here  the  dynamic  pitching  moments  Induced  on  the  wing  must  be  very 
small  •  perhaps  about  1?  of  those  generated  by  the  canard.  Although  the  local  pressures 
Induced  on  the  modified  wing  are  very  small  (at  least  with  a  canard  amplitude  of  only  1*), 
they  have  a  good  coherence  with  the  canard  motion  for  attached  flow  on  the  wing.  This 
implies  a  high  degree  of  casuallty  on  the  wing.  [i>ce  discussion  of  Figs  4  and  5,  Hef  14.1 

For  completeness  It  may  be  added  that  when  the  standard  HlKt»5  1  canard  oscillates 
close  ve  the  IIIUH  1  wing  with  a  lugh-y  cambered  leaning  edge  (Fig  iQd  and  unpublished 
tests  made  in  December  1987)  the  dynamic  pressures  Induced  on  the  wing  are  two  orders  of 
magnitude  .smaller  than  wit  the  uncambered  leading  edge^,  so  that  ’here  Is  no  reduction  In 
dynamic  pitching  moment.  Ireaumably  this  change  la  caused  by  the  uispLacement  of  the  wing 
leading  p  ■''c  relative  bo  vorticlty  shed  from  the  cariard. 

5.  C^..0I,USI0NS 

This  Paper  suggests  six  main  conclusions  with  respect  to  the  comparison  of  a  delta 
canard  and  a  swept  canard  used  in  conjunction  with  an  EAP  type  wing,  In-spite  of  the 
unrealistic  drag  of  the  delta  canard  wc  may  conclude  from  the  experiments: 


(1) 


The  delta  canard  has  the  same  gener.ni  effect  on  the  wing  flow  as  the  swept  canard, 
for  the  same  canard  area. 


(2)  I'l'ie  delta  canard  provides  comparable  control  power  to  that  of  the  swept  canard 
over  a  wide  range  of  Incidence. 

(3)  Por  positive  canard  effective  incidence  and  hence  favourable  Interference,  the 
delta  canard  provides  a  higher  overall  lift  at  a  given  incidence 

(4)  Por  realistic  conditions  with  positive  values  of  canard  effective  Incidence,  vortex 
breakdown  occurs  on  the  upper  surface  of  the  canard  at  about  <!<•  >  21.5*,  leaving 
the  wing  buffeting  unaltered, 

(5)  Por  unrealistic  conditions  with  negative  values  of  canard  effective  incidence, 
vortex  breakdown  occurs  on  the  lower  surface  of  the  canard  at  about  oc  ^  -21. 5* • 
Here  the  burst  canard  vortex  oxclteo  significant  wfng  t-uffeting  even  when  the 
wing  flow  la  attached. 

C6)  Oscillation  of  either  the  swept  or  the  delta  canard  (representing  ACT  application) 
does  not  alter  the  mean  flow  on  the  wing  or  induce  significant  dynairjlc  pitching 
moments  on  the  wing. 
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Summary 

The  Discrete  Vortex  Method  (DVM)  is  ur.cd  to  simulutc  the  two-dimensional  separated  flow  generated  by  a  spoiler  over  the 
upper  surface  of  an  aerofoil.  Cases  of  fixed  and  moving  spoilers  are  prejicnicd  and  particular  attention  is  paid  tu  the  phenomenon  of 
short  duration  advene  lift  which  can  be  induced  by  rapid  spoiler  deployment.  Forces  and  pressure  distributions  on  the  aerofoil  and 
spoiler  ore  calculated  and  compared,  where  possible,  with  experimental  results.  The  owKlel  that  has  been  developed  predicts  the  delay 
times  to  maximum  adverse  lift  at  very  high  spoiler  deployment  rates,  as  well  as  allowing  the  forces  on  the  aerofoil  and  the  spoiler  to 
be  computed  separately.  Numerical  results  are  in  good  agrcenicni  with  experiment. 

1.  Introduction 

Spoilers  for  aeronautical  applications  arc  conventiutiuily  sited  on  the  rearhalt  of  the  up|)cr  surface  of  the  wing  of  un  aircraft,  and 
when  deployed  have  the  long  term  effect  of  increasing  drag  and  decreasing  lift,  thus  controlling  .symiTiefric  and  asymmetric  lift. 
Spoilers  have  become  widely  used  to  provide  roll  control  on  high  manoeuvrability  combat  alrcnift  because  of  the  reduced  efficiency 
of  conventional  ailerons  at  high  speeds.  Fur  obvious  reasons  they  tend  to  become  ineffective  at  high  angles  of  attack  when  the  wing 
section  is  fully  stalled  (W'EbJl'Z  ct  al  (I)).  They  also  suffer  from  Incrca.sing  lime  lag  between  operation  and  response  the  further 
forward  they  iue  sited  on  the  aerofoil.  There  is  now  interest  in  ihe  question  of  how  far  spoilers  cun  be  used  as  fast  aerodynamic 
devices  in  active  control  technology  (ACl )  applications  to  improve  the  efficiency  and  co.si  effectiveness  gf  military  and  civil  aircraft. 
In  order  to  use  spoilers  for  rapid  manoeuvre  conttul  or  gust  alleviation  high  rules  of  dcploynicnt  {-AOO  /see)  uie  uu)uired.  At  .such 
high  rales  of  deployment,  spoiler  effects  are  ucrodynamicalfy  unsteady.  It  has  been  observed  (c.g.  MABKY  ct  ul  (2),  CONSIGNY  ci 
al  (3))  (hat  in  these  eases  a  period  of  adverse  iifi  increase  is  induced  before  the  intended  reduction  in  lift  occurs.  The  cause  of  the 
advi*""  lift  is  lilt  fo'juation  uf  v«,iy  siruny  vortex  behind  the  .spoiler  which  induces  a  large  suction  on  die  rear  upper  .surface  of  the 
aerofoil,  Lvcntualiy  the  vortex  is  convccicd  away  by  the  sircam  leaving  a  fiuciuating  region  of  reduced  total  pressure  behind  ihe 
spoiler  and  a  reduction  in  overall  circulation.  This  is  rather  similar  to  the  voncx  build  up  and  shedding  which  ixrcurs  during  dynamic 
sudl  of  a  rapidly  pitching  aerofoil.  For  slow  rates  of  spoilerdepioyiiKnt  the  hciglit  reached  by  the  spoiler  tip  above  the  aerofoil  at  the 
end  of  the  vortex  build  up  phase  i.s  much  less  and  as  a  result  the  vortex  and  the  vortex  induced  lift  arc  both  very  weak,  In  ihi.s  case 
adverse  lift  is  not  observed. 

'Hie  adverse'  lift  generated  by  spoiler  dcployiiicnf  is  induced  by  ihe  formaiioii  aixi  shedding  of  a  .siunig  colicrcm  voncx  along  the 
span  of  the  .spoiler.  'I'liis  phcnoiucnon  is  .strongly  (wo-dimcn.sionul  and  u  iwo-dimeMisioii;ii  caiculttluui  nictlnxl  which  models  the 
vortex  sheet  evolution  can  therefore  be  expected  to  give  useful  prcdiciiuns  for  the  initial  phase  of  the  flow.  The  di.screte  vonex 
metliod  which  has  been  used  here  is  inviscid  and  incompicssible  but  relatively  incxitensive  to  compute  and  Ix'causc  of  its  Uigraiigiun 
basis  gives  u  much  better  delineation  uf  the  siructuic  of  u  rolled  up  vortex  sheet  at  high  Reynolds  numbers  than  finile  difference  (^r 
element  methods.  The  restriction  to  ineofiiprcssiblc  tlow  is  not  considered  to  lx*  serious  fur  the  pie.sem  puqxiscs  since  .idvcrse  spt-iilcr 
lift  occurs  over  a  range  of  Mach  numbers  and  the  qualitative  dcvclopniciu  of  the  phenomenon  is  the  .same.  However,  inviscid  vtiriex 
methods  lend  to  become  Ic.ss  accurate  over  long  times  as  diffusimi  processes  become  more  significant.  Tlic  flow  also  becomes 
increasingly  three-dimensional  wiili  tinic. 

Although  .spoilers  have  been  used  extensively  over  the  ycar.s.  there  has  been  little  theoretical  information  available  on  Iheir 
perfonnance  characteristics,  particularly  transient  ^liaviour.  The  mean  flow  about  spoilers  has  been  modeltcd  by  the  wake  souice 
method,  first  applied  to  the  problem  by  PAKKIRSON  and  JANDAI  .I  (4).  A  later  hiipiovcd  version  ol  the  method  has  been  publislicd 
recently  (PARKINSON  and  YHUNG  (5)).  In  the  wake  source  method  the  base  piessure  cocfncieni  is  an  empirical  input.  In  an 
attempt  to  renTOve  this,  TOU  and  HANCOCK  (6)  and  (7)  developed  a  different  method  ba.Ncd  on  a  voncx  sheet  rcpreseiitalion  of  tlie 
wake.  The  .suiface  of  the  aerofoil  and  spoiler  were  nuKlelled  wiUi  panel  elements  of  piecewise  continuous  vonicily.  The  separating 
thin  shear  layers  from  die  spoiler  tip  and  the  trailing  edge  were  modelled  similarly  u.sing  elements  of  constant  voniciiy.  However,  the 
Icnglli  of  the  separated  vortex  sheets  and  the  strength  nf  ihc  two  point  voniecs  u.scd  to  "close"  Uic  wake  were  empirieul  inputs. 

In  the  present  work  the  di.scrcic  voncx  method  (u.sing  direct  interaction  between  moving  point  vortices)  ha.s  been  used  to 
represent  the  separated  flow  The  flow,  which  is  assumed  to  be  two  dimensional,  separates  at  the  spoiler  tip  and  the  trailing  edge  of 
the  aerofoil  .  The  vorticity  field  is  represented  by  concentrated  vortex  line.x  appearing  as  points  in  the  cross  sectional  plane. 
Circulation  is  conserved  on  these  vortices  as  they  move  with  the  fluid  particles  in  the  flow.  1  he  velocity  field  is  calculated  at  the 
locations  o!'  each  vortex  as  a  sum  of  attached  potential  flow  about  the  body  and  a  clocii^  field  calculated  by  the  Biot-Savart  law  due 
to  all  tlic  vortices  in  thr  flow.  The  computation  of  this  interactive  component  at  each  tune  step  is  pro|X)rtional  to  the  .square  of  the 
number  of  vortices  in  the  flow  and  hence  increases  rapidly  with  lime.  Using  u  multi-stage  analytical  transformation  a  Joukow.ski 
aerofoil  plus  spoiler  was  transformed  to  a  circle  in  which  an  image  sy.Mcm  for  vortices  was  Vortex  posiiion.s  r.r,d  velocities 
were  calculutcu  in  the  circle  plane  and  ,  when  needed,  were  transfonircd  back  to  the  aerofoil  plane.  An  analytical  uaiisro.Tnatioii  was 
used  in  preference  to  a  numerical  one,  such  as  for  example  one  Iwscd  on  Schwartz-Christoffcl  theory,  because  of  its  fastec  speed  of 
computation.  Since  the  study  was  concerned  with  iiivestigating  the  genera!  development  and  effect  of  the  spoiler  vortex,  the 
restriction  to  a  Joukow.ski  aerofoil  was  not  considered  to  be  important.  However,  (he  tran-sfomiaiion  did  have  a  disadvantage  in  that 
the  .spoiler  could  not  be  continuously  modelled  down  to  the  fully  closed  position  because  of  the  implied  curvature  of  the  sjHiiler 
re.sulling  from  the  transfonnaiion.  At  deployment  angles  below  about  10  degrees  the  spoiler  btx-umc  incrca.singly  distorted. 

2.  Computational  Method 

The  following  sequence  of  transfonnalions  (PARKINSON  (X))  was  used  to  tnap  the  field  outside  the  Joukowski  aerofoil 
(z^-pianc)  fitted  wiih  an  upper-surface  spoiler  of  arbitrary  .size,  dcployuKni  angle  and  chordwisc  position,  into  the  field  outside  the 
unu  cirelc  (Z7  plane); 
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The  consiant  'e'  defines  ihc  aerofoil  liiickncss.  For  rhe  1 J  %  thick  aerofoil  used  here  c=0.09237.  The  other  constants  arc  defined  in 
fig.  1 ,  which  shows  the  sequence  of  boundaries  generated.  It  U  important  to  note  that  all  c>  (uations  1  (a)  to  1  (f)  can  be  invened  simply 
except  for  1(d).  ITius ,  whereas  zj  can  be  found  directly  from  any  value  zj  in  the  circle  plane,  the  reverse  is  not  po.ssible  without  time 
consuming  iteration  for  each  point.  A  direct  non-numcrical  iraiisformution  from  the  circle  plane  in  which  the  computation  is 
performed  to  the  physical  plane  greatly  reduces  the  computing  time  for  the  discrete  vortex  method  and  this  was  a  major  reason  for 
choosing  such  a  transformation.  In  the  present  study  a  spoiler  of  length  10%  of  the  aerofoil  chord  was  used  and  te.sts  were  made  with 
the  spoiler  sited  at  different  locations  on  the  upper  surface  of  the  aeiofoil.  It  should  be  noted  that  the  total  transfoniiaiion  does  not 
lend  to  the  identity  transformation  for  very  large  zj  and  27  but  to 


zj  =  A  Z7  (2) 

where  A  is  a  constant.  This  implic.s  a  rotation  and  i:  iplificacion  of  the  free  stream  between  the  two  planes  which  can  be  calculated  by 
an  expansion  of  equation  1  (a)  to  1  (f)  for  large  Zj.  3  nc  currecuicss  ul  the  transfoniiaiion  method  was  checked  for  the  ease  of  a  spoiler 
normal  to  the  surface  of  a  symmetric  Joukowski  aerofoil.  Attached  flow  results  for  the  pr<-ssurc  distribution  were  compared  with 
lesulis  for  the  same  Joukowski  aerofoil  with  nuitiol  spoiler  given  by  PARKINSON  and  JANDALI(4). 

In  the  case  of  a  moving  spoiler  the  nonnal  velocity  at  the  .surface  of  the  spoiler,  using  an  axis  system  fixed  in  the  aerofoil,  in 
non-zero.  This  was  modelled  using  a  distribution  of  sources  and  sinks  on  ilic  spoiler.  The  sourcc/.sink  disiiibulion  was  defined  for 
convenience  in  the  straight-line  plane  (z<s-plitnc),  and  was  represented  on  the  part  of  the  real  axis  BD  corre.sponding  to  the  spoiler  by 
piecewise  constant  surface  panels.  In  eases  where  the  spoiler  was  moving  its  position  and  hence  tlic  transronnaiiun  were  recalculated 
at  each  time  step. 

The  flow  field  is  modelled  in  the  present  study  by  a  combination  of  an  irroiational  stream  and  u  distribution  of  vortices 
icpreseniing  the  scpataicd  vortex  sheets  being  shed  into  the  fiow-'llic  aerofoil/spoilcr  coinbinaiion  was  transformed  into  a  circle.  It 
was  a.ssuiiicd  that  the  Row  .separation  occurred  only  at  the  two  sharp  edges  located  at  the  spoiler  tip  and  the  aerofoil  trailing  edge, 
'riicfcforc,  in  the  circle  plane  vortices  were  released  Irom  the  iransfonncd  position.s  of  the  siniilcr  lip  and  die  trailing  edge  on  tlie 
circle.  Tlie  complex  poicmial  in  the  uansluriiicd  phinc  may  be  written  as: 
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The  first  (cnii  on  the  R.H.S.  of  cq.  (3)  ic|Mt.aNHs  the  potential  flow  past  ihccirelc.  Ihc  second  term  the  vortices  in  the  flow  field  aiui 
the  third  term  bound  circulation,  llic  last  lenn  is  the  circulation  which  the  aerofoil  has.  prior  to  die  spoiler  being  rai.scd  (i.e  ihe  initial 
condition  (i<(l)  for  the  attached  flow  over  tlie  aerofoil  pi-ior  to  spollerdeployiiK'iu).  Ihe  velocity  field  is  given  by: 

dW(0/dC-u-iv  (4) 

This  equation  is  employed  to  calculate  the  induced  vckiciiy  at  a  vortex  |H)siuon  doc  to  the  free  sticaiii  and  all  the  vonicc.s  in  the  How 
field.  In  the  case  of  the  moving  sjioiler  cq.  (3)  includes  a  source  density  (in)  conuibuiiuii 
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WIicii  a  spoiler  is  deployed  rapidly  die  flow  fonn.s  a  strong  tightly  rolled  up  vortex  behind  the  spoiler  and  a  weaker  vonrx  sheet, 
not  rieccssarily  rolled  up,  is  shed  downsucoiii  from  the  trailing  ^ge  due  to  the  changing  aerofoil  circulation.  I'hesc  voricx  sheets, 
represented  by  an  array  of  discrete  vortices,  were  required  to  be  shed  from  the  spoiler  tip  and  the  trailing  edge  so  that  the  condition  of 
zero  pressure  jump  across  each  sheet  was  satisfied.  This  condition  implies  that  shed  point  vonicc.s  aic  cunvccled  with  the  local 
velocity  of  the  fluid  at  rheir  respective  posiuon.s  and  that  for  sharp  edges  a  Kutia- Joukowski  condition  applies.  'I'his  condition  cun  l>e 
applied  with  no  ambiguity  for  point  vortices  if,  as  here,  the  edges  arc  cusped.  However,  the  strength  of  each  vortex  adjacent  to  an 
edge  in  tile  process  of  being  fontied  and  shed  during  the  current  UnK  step  is  not  fixed  by  the  above  conditions,  .since  a  finite  sirengtii 
vortex  cait  only  be  placed  in  riic  flow  at  the  non-zero  distance  from  the  edge.  In  order  to  avoid  the  need  for  an  arbiliury  distance 
parameter  such  as  has  been  employed  in  some  simitladons,  the  segment  of  each  vortex  .sheet  adjacent  to  the  edge  was  modelled  by  a 
point  voiicx  of  strciii'th  I'j  grov/iny  fiom  the  .stait  of  each  lime  step.  Its  strcngUi  uiid  position  at  the  end  of  the  step  were  obtained  by 
integration  of  tlie  cqu-  tiuns  for  the  Kuna  condiiiou  and  a  conditk^n  of  zero  net  force  on  the  voricx  modelled  as  a  coiiccnnated  core  and 
a  sheet  (cut). 


This  procedure  provides  a  rational  inetlnKl  i»f  shedding  jx>int  voniccs  first  used  by  BROWN  and  MICHAHI.  (V)  for  steady 
slender  body  flow,  and  by  ROIT  (10)  fur  unsicady  flow.  It  luu  been  .shown  by  CiRAIIAM  (1 1)  that  this  model  also  implies  a 
similarity  solution  for  the  starting  flow  bcliind  any  aerofoil  or  other  Nxly  over  which  u  circulatory  flow  suddenly  develops.  For 
cusped  cdge.s  and  impulsively  started  flow  where  there  is  no  preexisting  flow  off  the  edge  in  qiic.siton  the  siiliinon  ot  the  3iown  and 
Michael  equations  for  the  initial  growth  and  motion  of  the  shed  vortex  is: 
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whcTC  ^0  and  V|  are  the  asymmetric  and  symmetric  pans  of  the  velocity  at  the  edge  Zi^  and  At  is  the  time  step. 

In  this  case  the  vonex  moves  initially  along  a  line  perpendicular  to  the  bisecKM'  through  the  edge. 

In  the  present  investigation  ilie  stuning  condidon  for  the  development  of  the  separated  flow  was  nomially  an  attached  flowiield 
over  the  aerofoil  at  a  specified  incidence  with  appiophate  circulation  for  the  aerofoil  with  the  spoiler  fully  retracted.  In  the  case  of  a 
non-moving  spoiler  the  starting  condition  corresponds  to  the  sudden  appearance  of  the  ^iler  fully  deployed  into  the  preestablished 
airsticam  at  t^.  It  is  not  equivalent  to  the  infinite  limit  of  itu:roasing  rate  of  spoiler  deploytnent  since  the  latter  would  also  have  an 
infinitely  strong  disturbance  flowfield  associated  with  the  spoiler  motion.  This  case  will  be  referred  to  as  the  fixed  .spoiler.  In  the  case 
of  a  spoiler  deployed  at  a  finite  rate  the  spoiler  moves  continuously  from  a  speciHcd  starting  angle  to  its  final  position.  This  will  be 
referr^  to  as  the  moving  .spoiler. 

Due  to  the  nature  of  the  velocity  field  generated  by  a  point  vonex»  large  velocities  are  induced  when  vonices  come  close 
together  or  near  the  surface  of  the  aerofoil  and  sailer.  A  number  of  different  techniques  have  been  devised  over  the  years  :n  an 
attempt  to  eliminate  the  instabilities  inherent  (MOORE  (12))  in  a  vortex  sheet  of  zero  thickness  and  its  reproscntatlon  by  discrete 
points..  The  main  technique  applied  in  the  present  study  was  the  use  of  a  cut-off  radius  to  limit  the  magnitude  of  the  vortex  induced 
velocities  (CHORIN  (13)).  This  is  effectively  a  smoothing  device  for  the  velocity  field.  Here,  vortices  with  a  core  size  of  a/cw0.007 
(c^hord  of  aerofoil)  were  found  to  be  sufficient . 

A  non-dimensional  time  step  of  At'=UMAt/c=0.005  was  chosen  as  a  compromise  between  accuracy  and  computational 
efficiency.  For  the  moving  spoiler  tests  a  smaller  time  step  was  used*  especially  for  the  initial  opening  suge,  which  depended  on  the 
angular  velocity  of  the  spoilt . 

The  force  Zf  induced  on  the  body  by  the  free  stream  and  the  vertices  was  calculated  using  the  momentum  ihcorcm  derived  from 
Blasiu.s'  equation: 


The  lift  and  drag  force  components  along  the  y-oxis  und  x-axis  respectively  are  equal  to  the  imaginary  iuid  real  part  of  cq.7. 

Forces  on  the  aerofoil  and  spoiler  were  also  obtained  by  suifacc  pressure  Integration,  using  Bernoulli's  unsteady  equation  for 
piessurc.  The  unsteady  term  (oKi>/()l)s  was  calculated  by  time  differencing  and  imegratir.g  the  surface  velocity  around  the  circle  m  the 
transformed  plane. 

3.  Results 

3.1  Fixed  spoiler  results 

Figure  2  shows  the  development  ot  the  separated  flow  behind  the  fixed  spoiler  deployed  at  SH)^  at  the  70%  chord  position.  The 
aerofoil  is  at  12'^  incidence  to  the  free  stream.  A  strong  vortex  develops  behind  the  spoiler  growing  in  size  until  it  .starts  to  interact 
with  the  tr.illing  edge.  At  tiiut  moment,  the  relatively  weak  vortex  sheet  .shed  from  the  U^liing  edge  strengthen.';  und  starts  to  roll  up 
due  to  tlic  anticlockwise  flow  generated  hy  the  spoiler  vortex.  Sub^a:quemly,  this  trailing  etlge  vortex  starts  to  spread  into  the 
fonnutioti  tegioa  of  the  spoiler  voncx  eventually  disiupiing  the  sheet  from  the  spoiler  tip.  which  feeds  it.  This  in  turn  cau.scs  the 
sjwilcr  vortex  to  be  .sl*cJ,  after  which  the  cycle  repeats  itself,  llte  dcvcloptuciiiof  the  s|>oilcr  vt«rtcx  lead.s  to  c  large  sumion  prcs.suie 
over  the  rear  upper  surface  of  *iic  aerofoil  whicfi  lies  beneath  it.  The  development  of  the  pressure  distribution  over  the  aerofoil  surface 
calculated  from  the  unsteady  Gcmoulli  equation  is  shown  in  figure  3.a.  The  spoiler  angle  and  spoiler  position  determine  the  strength 
und  duration  of  Uic  sneticn  pressure  generated.  The  higher  the  spoiler  angle  and  the  further  forward  the  spoiler  on  the  aerofoil 
surface,  the  larger  and  longer  duration  generally  is  the  suction  pressure  gcnrratcd.The  pie.ssure  distribution  over  the  spoiler  .shown  in 
figure  3.b  is  near  .stagnation  at  the  upstream  .side  of  the  root  of  the  spoiler  and  then  decreases  and  becomes  negative  near  the  s|H>ilcr 
tip.  The  back  surface  of  the  spoiler  is  characterised  by  suction  of  nearly  constant  strength,  ui  any  given  time.  A.s  the  How  develops 
further,  the  .suction  at  the  back  of  the  si)oiler  drops,  und  this  is  associated  with  the  rearward  conveciion  pa.sr  the  aerofoil  trailing  edge 
of  the  positive  vortex  cluster  shed  by  the  spoiler. 

Figure  4  stiows  a  long  tcnii  averaged  pressure  distribution  compared  with  experimcnial  mean  pressure  incasuremcnts  on  a 
similar  thickness  aerofoil  (PARKINSON  and  YFUNCi  (5)).  'Fhc  resulting  lift  force  tunc  history  corresponding  to  the  fixed  case,  is 
<hown  in  figure  5.a  and  compared  with  experimental  and  thcorciicai  (wake  source  model)  long  term  mean  results  in  figure  5.b.  T  he 
'adverse'  positive  lift  phase  due  to  the  formation  of  the  spoiler  vonex  is  clearly  visible  in  each  case  of  the  vortex  computation,  'fhe  lift 
Stans  to  collapse  at  the  time  when  the  spoiler  vortex  starts  to  interact  strongly  with  the  tmiling  edge.  For  this  reason  the  further 
forward  the  spoiler  is  located  the  longer  the  adverse  phase.  After  the  vortex  is  sited  the  lift  oscillates  as  it  decreases  towards  .in 
asymptotically  lower  value.  Figaro  6  shows  the  vunation  of  the  tong  term  mean  lift  with  incidence  compared  with  results  from  I'OU 
and  HANCOCK  (6)), 

An  advantage  of  the  numerical  method  developed  here  is  that  unlike  experimental  methods  (where  overall  forces  on  the  aerofoil 
and  spoiler  have  been  obtained  by  inic^»'ating  pressure.^  nKOSurod  on  the  surface  of  the  aerofoil  only),  foivcs  may  be  easily  obtained 
separately  oii  the  aerofoil  and  nr<  the  spoiler.  The  spoiler  normally  eoiiics  negative  lift  force  depending  on  the  spoiler  angle  or  the 
aerofoil  incidence,  decreasing  in  magnitude  as  the  flow  develops.  Tlieierore  in  experiments,  lorcc.s  are  overe.slimatcd  if  u'casured 
during  the  initial  stages  of  the  impulsive  flow  and  the  spoiler  coniribiition  is  not  included. 


3.2.  Moving  spoiler  results 

When  the  spoiler  is  deployed  at  a  finite  rate  starting  at  a  small  angle  b->0  the  inflow  into  the  opening  space  behind  the  spoiler  is 
initially  very  large  leading  to  some  difficulty  in  establishing  a  .sublc  position  ftu  the  initial  vortex.  TTiis  ty^  of  opening  flow  has  been 
analysed  by  CIJiJNG  and  KDWARDii  (14).  An  exact  comparison  netween  this  work  and  the  spoiler  flow  described  in  the  present 
paper  was  not  pqssiMe  because  of  the  curvature  of  the  spoiler  imposed  by  the  transformation.  Very  fas!  spoiler  deployment  rates 
nave  been  investiguicd  in  tliC  present  study.  Tlie  time  T^  between  start  and  finish  of  deployment  ranged  between  0,  the  fixed  case, 
and  U«»Tyc  -  4.0.  A  constant  angular  velocity  was  assumed.  These  rates  correspond  to  the  order  of  300*  /sec.  and  higher  for  full 
scale  airc^t  at  high  subsonic  spe^s. 

Figure  7. a  shows  tlic  initial  flow  dcvciopment  behind  the  spoiler  as  ii  moves  continuously  from  30  to  90® .  A  long  term  flow 
development  is  shown  in  Figure  7b  for  the  case  when  the  spoiler  has  been  deployed  from  10^  lo  30®  over  a  time  in  which  the  aerofoil 
travels  two  chord  lengths.  The  phases  of  the  flow  development  in  botii  cases  are  very  similar  to  the  fixed  spoiler  case.  Figure  H 


shows  the  lift  coefficient  time  history  compared  witli  measured  results  from  KALLIOAS  (15).  The  trends  of  the  two  time  histories 
arc  similar  but  the  stalling  conditions  and  hence  the  lift  levels  arc  different.  Kaligjs'  experiment  had  a  starting  condition  of  a  .slightly 
raised  spoiler  with  a  pre-established  separated  flow  which  could  not  be  reproduced  conveniently  in  the  numerical  unxlel.  However, 
the  incremental  increase  in  from  the  .start  of  the  calculation  to  maximum  adverse  lift  (AC{^}  predicted  by  the  nutncncal  method  is 
ill  good  agreement  with  that  predicted  expcrinientally  i.c.  AC|  .,=0.26  and  0.2.5  rcsjicctivcly,  Al.so  it  should  be  noted  that  the 
experimental  lift  (KALLIGAS  (15))  wii.\  measured  on  the  aerofoil  only  and  not  on  the  sjtoilcr.  However,  iniegmiion  of  the  computed 
pressure  distribution  ever  the  spoiler  and  aerufoil  separately  showed  that  the  speiler  only  contributed  on  aveiagc  a  small  lift 
coefficient  h  *0.025)  after  the  initial  period  of  niotioa.  During  the  iiulial  period  when  the  spoiler  is  at  low  angles  moving  upwards 
rapidly  there  is  a  large  .suction  force  between  the  spoiler  and  the  aerofoil.  ITic  latter  therefore  experiences  u  large  upward  force 
counterbalanced  Dy  a  similar  downward  force  on  the  spoiler. 

Figure.  9  shows  a  typical  time  history  of  lift  for  a  rapid  40*  spoiler  dcploymeiii.  for  V««i/c  =  0. 1 9 

I'wo  delav  times  arc  significant: 
tgt  dmc  to  maximum  adverse  lift  and 
time  to  onset  of  lift  change. 

For  the  deployment  rates  studied,  the  delay  before  the  onset  of  adverse  lift  i.s  very  .slton,  while  maximum  adverse  lift  is  reached 
in  the  eaily  stages  of  the  spoiler  motion  (in  agreement  with  cxpcriiiienial  observations  by  MABFY  ci  al  (2)).  f  inal  lift  levels  arc  only 
reached  long  after  the  spoiler  has  ctxne  to  rest.  Fast  but  finite  rates  of  spoilci  deployment  ore  often  found  to  be  associated  with  some 
apparent  delay  before  the  onset  of  adverse  lift  (point  B  in  figure  9).  I'his  indicates  that  the  separutioci  immediately  behind  the  .spoiler 
may  not  develop  into  a  concentrated  vortex  until  higher  spoiler  dcnecUons  are  icached  (MABFY  et  al  (2)),  Also,  it  was  found  that  the 
lime  to  reach  die  peak  of  adverse  lift  increuiie.s  for  higher  deployment  rates  due  to  the  greater  effective  distance  the  voncx  has  to  travel 
to  reach  the  trailing  edge.  This  was  alsr.t  found  to  be  the  ease  by  KALLIOAS  ( 15).  Ifie  on.sei  times  and  times  to  maximum  advena;  lift 
arc  plotted  against  non-dimensional  time  dcploynictu  in  figure  10  and  compared  with  measured  dat.-t  frnin  KALI.IOAvS  (LS).  'llic 
measured  and  predicted  times  are  in  good  agreement. 

4.  DISCUSSION  . 

The  main  feature  of  flow  induced  by  lapid  spoiler  deployment  i.s  the  fonnaiion  of  a  strong  voncx  bchittd  the  .spoiler.  1'his 
vortex  grows  rapidly  causing  a  region  of  suction  on  tJie  rear  upper  surface  of  the  aerufoil.  *I^i.s  adverse  lift  continues  to  grow  until  the 
shear  layer  feeding  the  vortex  stuns  to  interact  with  the  trailing  edge.  At  thi.s  point  fairly  strong  opposite  signed  vorticily  is  induced 
from  the  irailing  edge  and  i.s  convccied  round  into  the  spoiler  tip  region  interfacing  with  the  main  shedding  sheet.  The  s|)oilcj  vonex 
then  stops  growing  and  suuts  to  convect  downstream  causing  the  lift  to  drop.  'I'he  flow  puitcm  then  re  peats  with  (he  devclupmeiii  of 
another  but  tnorc  diffuse  vortex  behind  the  .spoiler  causing  another  smaller  rise  in  the  lift  and  soon.  The  lift 

continues  to  fluctuate  with  some  periodicity  evident  but  reduced  umpliiudc.  71ic  itsympioiic  mean  level  reached  is  lower  than  the 
stoning  value  which  is  thcprin)ai7  desired  effect  of  the  .spoiler.  The  degree  of  adverse  lift  attained  depends  on  fast  ratc.s  of  spoiler 
deployment,  so  that  the  spoiler  has  gcncnicd  a  significantly  strung  voilcx  Ixrforc  strung  iiilcraciiun  witli  the  irailing  edge  bi’gins.  Fo." 
k  spoiler  at  70%  chord  this  interaction  star(.s  at  a  non 'dimensional  lime  of  order 

r;0,6 

and  spoiler  opening  rates  which  arc  cotiipurablc  with  this  will  generate  adverse  lift.  For  .spoi)er.s  sited  further  forward  the  time  i.s 
proportionally  longer,  for  example:  U«  t/c^l  .0  at  50%  chord,  and  the  adverse  lift  effect  is  gicatcr. 

This  raises  the  interc.sting  po.ssibiliiy  of  u.sing  upper  surface  spoilers  situated  forward  on  the  aerofoil  to  gem  raie  short  bursts  oj 
controlled  positive  lift,  pardciilorly  when  the  wing  is  clu.se  lo  the  stall. 

Even  at  slow  rates  of  deployment  some  initial  vortex  shedding  wil!  jxi.ss  relatively  slowly  across  the  aerufoil  surface  when  the  s|K)iicr 
i.s  located  far  forward.  Tliis  may  explain  the  observed  slowaetudynumicrcsiroiisc  of  s|H>ilcTS  located  on  the  forwaid  pan  of  a  wing. 

5.  Conclusions 

(1)  Separated  time  dependent  flow  over  .m  aerofoil  with  a  spoiler  has  been  simulated  by  a  numerical  Discrete  Vortex  Mciluxi. 
Cases  of  sudden  spoiler  appearance  (fixed  spoiler)  and  fa.st  but  finite  deployment  ra;cs  have  been  stutiicd. 

(2)  77ic  results  clearly  show  the  adverse  lift  phase  as^>ociatcd  with  the  dcvclopiiKiH  ot  a  suong  vortex  behind  the  spoiler. 

(3)  Reasonable  agreement  is  ubi&inctl  where  comparison  is  po.ssiblc  with  expennKnt,  Unh  for  the  initial  flow  and  the  long  time 
average  flow. 
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l  ijure  .1  (b)  Insi.inBJic'ius  pressure  CII  spoiler. 


C,  OISTRIpUTiON  OVER  ACROroiL 
-  NUMERICAL  MODEL 


a  PARKINSON  AND  VEONC  (EXPERIMENT,  1987) 


Figure  4  Mean  pressure  on  aerofoil 
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Figure  5b  Lift  cocffieicnl  lime  histories. 


C.  VARIATION  with  INCIDENCE 
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a  NUMERICAL  METHOD 
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Figure  6  liil  coefficient  versus  incidence  Fixed  90*  spoiler  at  70%  chord 


Figitrc  8  Lift  time  history  moving  spoiler 


Figure  7a  Moving  spoiler  50*  •>  90*  Uoo  t/c  =  2.0 


Figure  7(b)  30*  Spoiler  long  term  flow 
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DELAY  times  FOR  SPOILER  EXTENSION 
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Figure  10  Delay  tinies  for  spoiler  cxtrensioii 
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1 .  AHSTRACT/SUMMARY 

Within  this  paper  two  different  aspects  of  Inflight  Thrust  Vectoring  are  discussed: 
in  the  first,  more  general  part  a  rational  for  the  future  use  of  thrust  deflection  in¬ 
cluding  revevser  modes  will  be  given  by  highlighti ng  the  overall  possibilities  and  the 
potential  of  thrust  vector  devices  within  the  aerodynamlc/f Lightmechanical  design  of 
modern  fighters.  In  the  second  part  the  most  interesting  results  from  3  low  speed  wind 
tunnel  test  periods  will  be  presented  showing  beneficial  and  detrimental  eCr*jcls  of  in 
tlighu  thrust  reverse  on  aerodynamic  stability  and  control  character 1  sties . 

•  Fiightmechanicai  Possibilities  of  Thrust  vectoring 

From  the  very  beginning  ail  the  design  phases  of  "Now  Generation"  fighter  aircraft 
are  dominated  by  the  attempt  to  find  an  optimum  balanced  concept  within  the  frame  of 
maximum  performance,  defined  mass  figures  and  limited  costs.  Especially  the  field  of 
performance  encompasses  aspects  on  at  least  three  planes,  which  are  defined  by  the  head- 
lines  "Mission,  Point  and  Manoeuvre  Performance".  Requirements  derived  from  these  diffe¬ 
rent  items  are  often  rather  contradicting,  so  a  pure  optimization  for  maxjmum  point  per 
formonce  (l.e.  sustainc.-d  and  instantaneous  turn  rates)  which  requires  maximum  liit  or 
minimum  drug  respectively  may  not  be  advantageous  for  a  desired  superior  agility,  be¬ 
cause  the  preloaded  acrodyn-mic  controls  do  not  leave  enough  power  to  initiate  and  .stop 
manoeuvres  in  a  way  whlcli  loud  to  autficient  handling  qualities.  Fuithonnoro,  the  gene 
ral  trend  to  unlarqo  the  combat  illghc  envelope  towards  higher  angles  of  attack  and  lo 
wer  dynamic  pressures  leads  very  quickly  to  the  absolute  limits  of  pure  aerodynamic  con 
trol  devices.  Hence  tboao  flight  regimes  cannot  be  exploited  operationally  unless  addi- 
tlonal  control  power  is  provided  by  thrust. 

The  paper  illustrates  how  these  highly  demanding  design  goals  can  bo  achieved  by  etcher 
an  optimum  blending  between  aerodynamic  and  thrust  vector  devices  or  even  by  a  partial 
replacement  of  oerodynamic  controls.  It  is  shown  In  detail  how  thrust  vector ing/thrust 
reverse  can  be  used  to  enhance  high  angle  of  attock  recovery,  to  ensure  high  angle  of 
attack  manoeuvres,  to  introduce  a  powerful  device  for  acceleration  and  deceleration  and 
how  to  optimize  the  approach  and  landing  pliase  by  additional  control  power  especially 
usable  for  a  shortened  ground  run. 

•  Wintunnoi  Test  Results  of  Inflight  Thrust  Reverse 

During  a  close  cooperation  between  lH‘)rnier  and  Northrop  from  197y  to  1986  a  new 
generation  figliter  concept  (N/D-102)  equipped  with  PITCH  THRUST  VFCTOR/THRUr>T  HEVKRSFK 
devices  has  been  designed  in  some  detail.  Several  low  speed  wind  tunnel  te.st  phases  have 
been  carried  out  in  order  to  study  the  problem  areas  and  in  order  to  optimize  a  reversor 
configuration  which  is  feasible  for  inflight  operation  as  woi J  u;;  for  operation  during 
approach  and  ground  run  after  landing.  The  analy.scs  of  the  Intllght  t.est  result?;,  which 
are  discus.scd  in  this  second  part  of  the  paper,  have  shown  that  the  *i  >ometry  of  tlio 
versed  upper  Jets  has  to  be  optimized  together  with  the  vertical  tai'  rudder  concept. 
Especially  the  control  efficiency  at  small  rudder  deflections  may  be  leduceu  drastically 
during  reverse!  operation  which  can  lead  to  problematic  nonlinear  characteristics  in 
some  oreas  of  the  flight  envelope.  KurUhorniorc  some  detrimental  eltects  )iavu  ix.'en  obsor 
ved  in  sideslip  test  runs  whore  rudder  of  fectlvoncn.s  vanlshe:;  rapidly  versu;?  uidi^sl  ip 
and  may  even  bo  lever.sed  depending  on  the  relative  pos.lLion  of  vortical  tall  and  LON'er 
aod  jet. 

A  feasible  optimum  contlgurat Ion  could  be  Idontilled  if  a  combination  of  outboard 
cant  of  the  upper  jets  is  used  togethcfi  with  a  single  vortical  taii/i udder  group. 

The  effects  ol  thrust  reversors  ia  ground  effect  are  mainly  dependent  on  tlie  gcometrY  ot 
the  lower  Juts.  The  most  interesting  results  in  this  field  and  design  rules  derived  troiii 
the  tests  are  presented  witliin  the  second  paper  submitted  by  the  authors. 


2 .  INTRODUCTION 

During  recent  years  the  exploitation  of  thrust  vectoring  an<i  rlu-ujit  reverr.c  for  mo 
dern  fighter  aircraft  has  obtaiaed  growing  importance.  The  dvallabillty  of  sufficient 
control  power  at  low  dynamic  pressu»c  and/or  high  angles  ol  attack  is  forming  the  cerjtro 
of  f lightmechanical  design  work.  Thrust  as  a  supplement  or  substitute  tor  aerodynamic 
control  devices  offers  attractivt*  alternatives  because  Is  able  to  provide  effective 
angular  accelerations  even  in  unfavourable  aerodynamic  ai  ‘as  of  tlie  envisaged  flight 
envelopes . 

The  first  part  of  this  paper  will  therefore  discuss  in  detail  the  adv.intagcc  and 
perspectives  of  a  modern  fighter  equipped  with  ^itch  Thrust  Vectoring/Trust  Reverse 
(PTV/TR1  devices  as  far  as  the  f lightmechanical  and  performance  aspects  are  concerned. 
The  SGI  nd  part  will  illustrate  some  problem  areas  within  the  optiraizatlon  process  of  an 
inflight  thrust  reverser  In  windtunnel.  Especially  the  geometry  of  the  upper  Jets  in 
combination  with  cho  vertical  tail  arrangement  Is  a  matter  of  concern  and  needs  a  care¬ 
ful  optimization  in  order  to  minimize  interferences  on  the  basic  stability  and  control 
character in tics. 
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3.  FLIGHTMECHANICAL  POSSIBILITIKS  OF  THRU:jT  VECTOR  DEVICES 
3 . 1  Design  Requirements  and  i3esiqn  Philosophies 

During  the  recent  past  extreme  requirements  formulated  by  the  customers  have  put 
growing  pressure  upon  industry  to  improve  the  overall  performance  of  the  "Now  Genera¬ 
tion’'  Fighter  aircraft.  From  the  very  beginning  all  the  design  phases  are  therefore  do- 
minated  by  the  objective  to  find  optimum  balanced  concepts  within  the  frame  of  maximum 
performance,  fixed  mass  figures,  limited  costs  and  minimujn  risk.  Especially  the  subject 
"Performance"  Is  difficult  to  handle,  because  already  the  pure  definition  has  to  cover 
aspects  on  .many  planes:  In  general,  the  idea  of  "Performance"  encompasses  at  least  three 
different  items: 

•  Mission  Performance 

*  Point  Performance 

«  Manoeuvre  Performance. 


The  major  points  of  inters;. hidden  behind  these  head  lines  may  be  summarized  in  a 
table  of  "Modern  Fighter  Design  lequiremeiits'  as  listed  below: 

•  Balanced  sub-  and  supersonic  point  performance  on  a  liigh  level  (i.e.  sustained  and 
instantaneous  turn  rates;  specific  excess  power) 

•  High  angle  of  attack  manoeuvre  capabilities 

•  Agility  down  to  low  dynamic  pressure 

•  Superior  handling  and  ride  qualities  within  the  entire  operational  envelope 

•  Unconventional  manoeuvre  modes  (fuselage  aiming;  diroct  lift) 

•  short  take  off  and  landing  capabilities 

•  small  size  and  mass 

•  Stealth  aspects. 

The  attempt  to  integrate  the  whole  bunch  of  requirements  into  a  single  aircraft 
design  leads  to  the  conclusion  that  a  great  part  of  these  nice  features  are  rather  con¬ 
tradicting  and  would  lead  to  very  different  solutions.  One  possibility  to  reconcile  .some 
of  the  conflicting  options  is  the  use  of  automatic  flight  control  systems:  Aerodynamic 
Surface  Scheduling  and  Active  Controls  will  provide  better  point  performances  and  may 
add  some  degrees  of  freedom  by  offering  the  possibility  of  unconveril ional  manoeuvre 
modes.  A  further  step  towards  optimized  performance  and/oi  smaller  aircraft  .size  can  be 
done  by  the  introduction  of  unstable  basic  longitudinal  characteristics.  This  lead-s  on 
one  hand  to  a  reasonable  increase  in  max.imum  lift  and  a  reduction  in  trimmed  drag.  But 
on  the  obiier  hand  some  control  potential  at  high  angles  of  attack  has  to  be  sucritied 
because  of  the  preload  on  the  aerodynamic  surfaces.  From  the  fllghtmc'chanicaJ  point  of 
view  a  minimum  pitch  down  capability  has  to  be  guaianteed  r.t  higher  angles  of  attack 
(near  maximum  Hit  and  beyond)  in  order  to  insure  safe  rccoveiy  and,  if  reguired.  agi¬ 
lity  In  this  region.  So  the  pitch  down  recovery  margins  :;hown  In  Kig.  1  have  to  cover  in 
principal  three  different  items: 

•  Control  power  for  safe  stabilization  and  good  handling 

•  Control  power  for  symmetrical  pitch  manoeuvring 

•  Pitch  down  potential  for  cancellation  of  pitch  up  acceleration  due  to  toll  manoeuvres 
(dumb-bell  effect) . 


For  the  first  two  parts  a  minimiua  value  of  -0.3  i*ad/s»  pitch  accoluration  shouUi  be 
sufficient  whereas  the  inertial  coupling  term  is  directly  «:onnccted  with  the  required 
agility  (i.e.  roll  performance)  by; 
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3o,  if  for  example  at  25'  angle  of  attack  and  200  Keas  a  OS'/s  roll  rate  is  requi¬ 
red,  on  overall  pitch  down  acceleration  of  0  $  -0.8  rad/::*  has  to  be  provided. 


This  lead  to  the  conclusion  that  only  horizontal  tail  concepts  (aft  tail  or  canard) 
are  feasible  in  combination  with  a  consequent.ly  unstable  design  in  pitch.  Unstable  tai.l  • 
less  configurations  with  pure  aerocontrols  ate  not  able  to  produce  tru.'  required  pitch 
down  at  higher  angles  of  attack.  The  desired  instabil.lty  level  tegethur  with  pjtrh-up 
tendencies  and  fading  flan  pf fectivcncss  reduce  the  available  pitc.h  recovery  potential, 
so,  ior  flightmechanical  reasons  such  a  concept  seems  to  be  "Not  Acceptable"  for  a 
modern  fighter  design. 


3 . 2  Replacement  of  an  Aerodynamic  bv  a  Thrust  Vector  Tall 

An  enticing  perspective  of  tailless  configurations  however  is  thu  poss.lbility  to 
reduce  zero  lift  drag  and  to  increase  the  freedom  for  a  proper  shape  and  arrangement  of 
wing  and  fuselage.  Fitch  Thrust  Vectoring  au  an  internal  substitute  for  an  external 
aerodynamic  horizontal  tail  brings  bac)c  the  opportunity  to  reconsider  aerodynojnlcaliy 
tailless  aircraft  as  a  proper  solution  in  modern  fighter  design.  As  shown  on  the  right 
hand  side  of  Fig.  i  the  pitch  vector  nozzle  will  provide  control  power  in  excess  of  the 
required  margins.  Especially  at  high  angles  of  attack  and/or  low  dynamic  pressure,  where 
the  aerodynamic  control  power  uses  to  fade,  the  thrust  vector  nozzle  will  be  able  to 


produce  high  angular  accelerations  in  both  directions  pitch-down  and  pitch-up.  As  a  mat¬ 
ter  of  fact  the  control  potential  will  then  be  a  function  of  thrust  setting,  but  in  tlie 
critical  flight  conditions  where  aerodynaiaic  control  power  is  low  the  thrust  setting  is 
normally  on  a  high  level  anyway.  This  means  that  aerodynaiwic  and  thrust  vector  devices 
may  be  considered  as  highly  supplementary  to  each  other.  A  proper  blending  of  the  dyna¬ 
mic-pressure-dependent  and  thrust-setting-dependent  control  accelerations  will  then  lead 
to  real  balanced  concepts  where  most  of  the  aspects  of  perfonnance  discussed  above,  may 
be  integrated. 


3 . 3  Special  Features  of  a  Pitch  Thrust  Vector/Thrust  Reverse  Design 

Krom  1980  to  1986  the  N/D-i02  [Fig.  2)  design  has  been  developed  by  Northrop  and 
Dornler  to  meet  the  objectives  of  next  generation  fighters.  The  most  significant  fea¬ 
tures  which  characterize  this  configuration  may  be  summarized  as  follows: 

•  Non-afterburning,  low-by-pass-ratio  turbojet  engines  capable  of  high  thrust  per¬ 
sistence  and  of  efficient  supersonic  cruise. 

•  Low  aspect  ratio  supersonic  trapezoidal  wing  with  leading/traiiing  edge  control  sur¬ 
faces  optimized  by  a  properly  sized  wing  stroke  for  minimum  pltch~up  and  high  trimmed 
max.  lift  at  a  cho.sen  basic  instability  of  SM  =  -8  %. 

•  Single  vertical  tail. 

•  Deletion  of  horizontal  tail  in  conjunction  witti  addition  oC  pitch  thrust  vectoring 
(reduction  of  drag,  radar  signature) . 

•  Two-dimensional  convergent  divergent  nozzle  with  pitch  thrust  vectoring  arid  inflight 
tJjrust  reverse  (no  aerodynamic  speed  brakes). 

The  tV'/o-dimensional  ex)iaust  nozzle,  illustrated  In  Fiji* _ 2.*  designed  to  provide 

t  30  degrees  thrust  vectoring  iii  pitch  and  in  addition  the  simultaneous  function  "thrust 
reverse".  Both  these  nozzle  functions  as  well  as  the  thru.st  level  have  been  integrated 
into  the  basic  flight  conCiol  system.  .So  it  was  possible  to  give  enhanced  control  effec 
tlvnnesa  by  blending  thrust  control  with  the  normril  aerodynamic  contrcl  devices.  In  de 
tail  the  nozzle  divergent  flaps  act  differential  for  the  var.lation  of  che  exit  arej 

and  colLectjvely  for  the  vectoring  mode  with  th<  ^vision  that  both  functions  can  be 

performed  simultaneously.  For  thrust,  reversing  ti  convergent  flaps,  used  to  contiol  the 
throat  area,  are  equipped  with  additional  motion,  which  allows  to  open  Che  tevor.sor 
ports  while  continuously  controlJing  the  total  throat  area. 

The  summary  xii  _ 4  gives  o  general  view  about  benefits,  penalties  and  indiffe¬ 

rent  aspects  of  a  ta'iilesG  configuration  equipped  with  thrust  vector  devices  in  comparJ 
.•:on  with  a  conventional  aero  -tallud  design:  High  deceleration  potential  inCliy)»i  ,  Khort 
ground  roll,  less  zero  lift  <lrag,  high  pitch  control  power  during  approach  oud  high  agi¬ 
lity  at  low  dyn-imlc  pressure  outliny  the  bene£.iLs  which  arc  more  than  a  pure  substitute 
for  a  horizontal  tail.  Penalties  may  be  tigured  out  by  looking  at  tho  heLessary  develop 
ment  risk  and  cost  of  the  nozzles,  by  the  heat  load  on  Uie  vertical  tail  during  thrust 
rever.^e  and  by  the  intorference.s  which  may  alter  tlie  aerodynamic  char dct.t?ristlcs  during 
the  TK  mode  Inflight  and  close  to  ground.  Tho  question  ol  weight  may  D€  assumed  to  bo  oT. 
no  significance  because  the  saving  on  one  hand  (aGro-tail/airbrako)  is  almoat  compensa¬ 
ted  by  the  increase  of  a  2D-PTV/TK  nozzle. 

•  Infliglit  Deceleration  Capability 

illustrates  tl»e  superior  inflight  deceleration  capability  of  a  tighter 
equipped  with  thrust  reverse  devices  in  a  straight  level  flight  lor  a  typical  air  de¬ 
fense  combat  altitude  ot  20000  ft.  Once  the  reverser  ports  have  opened  the  aerodynamic 
drag  of  the  configuration  plus  inlet  drag  plus  the  reversed  trim  thrust  act  ijito  the 
desired  direction  and  may  be  used  for  effecrlVf»  1  ndlnal  np^od  control  witliin  tlie 

limitr.  of  pilot's  acceptdi'ce .  it  desired  tho  effect  can  ev^r.  be  Increased  by  .sttliny  i  he 
thrust  to  d  higher  level.  When  shutting  the  TR  ports  at  the  end  of  tho  bra)cing  ma¬ 
noeuvre.'!  the  fu.ll  acceleration  potential  will  be  ovallablo  almost  at  once. 

For  comparison  Fig.  6  shows  the  decleratlon  capability  ol  a  fighter  equipped  with  a  con¬ 
ventional  1 .  i?  square -metres  airbrake  deployable  up  to  about  60  degrees.  Assuming  a  rea 
lisLlc  actuator,  less  than  0.5  g'n  nve  available  to  dev.clcrate  the  aircraft  at  constant 
Liu  uat  Getting  at  high  subsonic  tnach  iiumborB.  The  same  manoeuvre  with  thru.'St  reverser 
will  almost  double  the  longitudinal  deceleration  potential. 

•  Deceleration  Cdpal  lity  after  Touch-Down 

The  moBt  import,  iit  aspect  ot  landing  performance  is  the  required  ground  roll  aJ*  r 
touch-down.  Fig,  7  compares  the  optimized  ground  roll  distances  for  three  fighters  using 
dlCfurent  deceleration  devices  on  a  dry  runway.  The  longest  ground  roll  Ijj  obtained  by 
the  "wlieel- b/i3ke"--meUiod  including  lift  dump  and  anti-skid  (LrJetJon  coefficient  -  0.7). 
A  drag  shuLe  will  .'ih'-.'rten  the  required  distani<?  by  about  10  %  whereas  the  tiiru.'jt  rover 
r.er  is  able  to  save  im;ro  tlian  45  %  of  the  original  ground  roll.  On  a  wet  and  slippery 
runway  the  advantage'*  of  thrust  reversing  is  even  more  pronounced.  For  clar If Ication 
Fig._  8  i.llustrates  the  principles  of  conventional  high  performance  landings  by  showing 
the  deceleration  (g's)  versus  time:  After  touch-down  and  an  additional  time  of  1  .'?ec 
for  pitch-down  and  pilot's  reacflon,  iull  wheel  brake  including  lilt  dump  is  applied 


giving  an  almost  constant  deceleration  until  the  final  stop  of  the  aircruft.  The  relati¬ 
vely  large  idle  thrust  lowers  the  efficiency  of  the  wheel  brake  by  a  remarkable  amount, 
as  shown  in  the  upper  sketch  of  Fig.  8.  In  lower  diagram  of  the  figure  the  effect  of  a 
7  drag  chute  is  added,  xt  gets  evident  that  a  substantia.!  increase  In  deceleration 
may  only  be  expected  during  the  first  few  seconds  of  ground  roll  where  dynamic  pressure 
is  relatively  high.  -  A  possible  automatic  procedure  for  use  of  thrust  reversers  during 
a  high  performance  approach,  landing  and  ground  roll  is  presented  in  t-ig.  9:  Approach 
and  touch-down  is  performed  with  a  thrust  setting  of  70  %  max.  thrust  in  partial  re¬ 
verse.  .\fter  derotation  full  wheel  braking,  lift  dump  and  full  thrust  reverse  at  con-- 
stant  power  setting  is  applied  until  the  permissible  relngesclon  limit  is  reached 
(g./q^  =  70) .  Engine  spool  down  to  idle  and  afterwards  partial  reverse  with  continuous 
closing  of  the  reverser  ports  will  be  scheduled  to  keep  the  dynamic  pressure  ratio 
below  the  relngestlon  limit  until  the  stop  of  the  aircraft  is  reached  within  210  m  from 
115  kts  touch-down  speed. 

A  further  advantage  of  the  relatively  high  power  setting  with  partial  reverse 
during  approach  is  the  immediate  availability  of  accolorating  thrust  if  an  unexpected 
go-around  is  required. 

•  Drag  characteristics 

As  already  mentioned  In  chapter  3.2  some  reduction  in  zero  lift  drag  may  be  expec¬ 
ted  by  replacement  of  the  aerodynamic  horizontal  tail.  Fig . _ ^  gives  some  Indications 

for  the  possible  drag  improvement  versus  mach  number;  Changing  the  ;j/D  102  configuration 
from  an  aft  tail  towards  a  thrust  tail  (i.e.  tailless)  concept  will  save  about  10  to 
30  drag  count.'i  depending  on  much  number.  The  achieveabie  improvement  is  of  course  depen¬ 
dent  on  tlie  configuration  itself  and  may  vary  with  the  overall  design  requirements.  Of 
greater  importance  howevci  .  are  the  ’'Off-design'’ -Induced  drug  characteristics  which 
determine  the  losses  in  point  performance  if  variations  rn  centre  of  gravity  have  to  be 
taken  into  account  or  if  the  desired  design  Instability  has  to  be  reduced  because  of 
probleiii  .  with  the  real  flight  control  system.  Fig.  11  shows  the  pr.lncipal  variation  of 
Induced  drag  (at  constant  lift  coefficient  and  much  number)  versus  the  basic  stability 
margin.  It  can  be  shown  that  u  pure  taJlless  conliguration  is  rather  sensitive  to  devia 
tions  from  the  original  dr.iign  instability  whereas  an  aft  tail  concipi  will  exhibit 
smoother  characteri.'vtlcs  because  of  its  powerful  trim  device.  A  con.siderable  part  of 
this  favourable  behaviour  may  be  recovered  by  a  thrust  tail  if  the  pitch  thrust  vcc 
toring  is  uei.i  for  trim  in  off- design  condi tlon.s.  So  the  losses  concerning  induced  drag 
will  not  be  ivio  severe  {see  shaded  urea  in  Fig.  11)  and  be  comparable  to  that  ol  a 
canard  configuration  under  the  same  circumstances. 

•  P.itch  Control  Power 

Essential  corner  stones  of  a  proper  f lightmechanlcal  design  are  u.suaily  set  by  the 
available  pitch  control  powe.r  within  the  several  flight  conditions.  Especially  the  ter¬ 
minal  flight  phases  (as  C.e.  Approach)  or  the  low  dynum.tc  pressure  areas  requirp  part  i¬ 
cular  attention  of  the  design  engineers.  Fig.  12  shows  u  comparison  of  the  pitc)i  accele¬ 
ration  capabilities  between  a  conventional  aft  tail  configuration  and  u  taillcjss  air¬ 
craft  equipped  with  FTV,  Excluding  the  potential  of  the  trailing  edge  flaps,  the  aft 
tail  configuration  is  able  to  produce  about  ±  1  rad/s»  starting  from  a  trlimned  condi¬ 
tion.  The  I'TV  fighter  using  the  approach  procedure  of  Flji.._9,  will  produce  about  60  % 
more  pitch  control  power  which  in  omorgoPcy  (aboardod  approach  plus  go  around)  condition 
can  be  increased  to  more  than  y  >  3  rad/s’  by  setting  full  power  and  closing  tne  revor- 
ser  ports. 

If  agility  at  high  angles  of  attack  is  required  the  pitch -down  acceleration  capabi¬ 
lity  is  of  major  importutice.  Fig.  13  shows  In  detail  that  pitch  thrust  vectoilng  is  a 
powerful  mean  to  generate  the  angular  accelerations  which  are  necessary  to  install  su¬ 
perior  characteristics  during  Jiianoeuvres  near  or  even  beyond  ctall  at  Jow  dynamic  pres¬ 
sure.  Up  to  medium  subsonic  mach  numbers  the  vector  noz^les  will  be  superior  to  any 
aerodynamic  ta.tl  and  therefore  be  capable  to  provide  the  necessary  f lightmechanlcal  con¬ 
trol  potential  even  in  aerodynai^\ically  critical  areas. 

•  Unconventional  Manoeuvre  Mode.s 

Fuselage  Aiming  represents  one  oi  the  characteristics  which  usually  are  a  matter  ro 
be  looked  at  if  performance  Irnpi^Vemeiils  lor  tuture  lighter  aircraft  are  diccussed.  it 
is  well-known  that  an  aft  tall  concept  can  cover  a  relatively  large  range  of  trimmed 
pitch  attitudes  versus  mach  number  if  the  conf Igui ation  is  trimmed  with  flaps  up  or 
flaps  down  as  shown  on  the  left-hand  side  of  Fig ♦  14.  A  technical  limit  is  usually  set 
by  the  permissible  load  on  the  horizontal  tail  at  increasing  dynamic  pressure.  The 
diagraia  on  the  right  harjd  side  of  the  same  figure  presents  the  potential  of  a  tailless 
aircraft  equipped  with  PTV.  Because  of  the  sliylitly  larger  lever  arm  of  the  trim  device 
it  may  bo  assumed  that  the  usable  fuselage  aiming  corridor  is  somewhat  larger.  So  even 
fox  unconventional  manoeuvre  modes  the  thrust  vector  device  will  be  at  least  a  full  and 
complete  substitute  for  an  aerodynamic  horizontal  tall. 
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4,  WINOTUMNEL  TEST  RESULTS  OF  INFLIGHT  THRUST  REVERSE 

Three  test  periods  in  low  opeed  wind  tunnels  have  been  run  during  Uornier/Northrop  co¬ 
operation  in  order  to  find  feasible  thrust  reverser  arrangements  for  the  N/D-102  confi¬ 
guration,  which  should  use  these  devices  for  efficient  inflight  deceleration,  enhanced 
pitch  manoeuvres  and  for  high  performance  approach  and  landing.  The  photos  in  Fig.  15 
are  meant  to  give  some  insight  Into  the  overall  arrangement  of  the  windtunnel  model  and 
into  the  test  technigues  applied  during  the  optimization  work.  Pressurized  air  has  been 
used  to  feed  the  four  reverser  ports  by  independent  tubes  from  the  back  in  order  to  ge¬ 
nerate  the  required  dynamic  pressure  of  the  jets.  The  whole  reverser  device  has  been 
kept  separate  from  the  windtunnel  model  so  that  the  pure  aerodynamic  interferences  could 
be  evaluated  with  the  forces  and  moments  measured  by  the  Internal  balance.  Fla.  16  shows 
the  principles  of  the  upper  and  lower  jet  arrangement  and  the  definition  of  the  cant  and 
reverser  angles  varied  within  the  several  windtunnel  campaigns. 

A  matter  of  discussion  In  advance  of  the  tests  are  the  relevant  dynamic  pressure  ratios 
q^/Q^  which  will  occur  during  real  operation.  Fig .  1 7  gives  an  impression  of  the  appli¬ 
cable  relations  "Average  Dynamic  Pressure  In  Thrust  Reverser  Exit"  qj  to  "Free  Stream 
Dynamic  Preasuro"  q^.  A  deceleration  manoeuvre  inflight  will  certainly  be  performed  with 
qj/q^- ratios  of  less  than  30.  During  ground  roll  however  the  ratio  may  become  pretty 
largo  and  the  practical  limit  has  to  be  set  by  the  reingestion  limit  minus  a  consider¬ 
able  safety  margin. 


4.1  Objectives  and  Tost  Matrix 

The  optimization  goals  which  have  bean  considered  within  the  windtunnel  tests,  were 
mainly  defined  by  flighCmechanicai  requirements.  The  main  attention  has  been  drawii  upon 
the  attempt  to  find  a  reverser  solution  which  provided  sufficient  efficiency  together 
with  minimuTrt  aerodynamic  interferences  with  respect  to  stability  and  control. 

It  soon  became  evident  that  for  Infliu^*  thrust  reverse  the  geometry  of  the  upper  Jets 
together  with  the  position  and  arranyum  nt  of  the  vertical  tall/rudder  group  are  of 
major  importance.  The  lower  jets  are  a  matter  of  concern  in  ground  effect  which  will  be 
discussed  in  detail  in  paper  19. 

Fig.  IB  shows  the  matrix  with  the  main  parameters  which  hav-*  been  varied  within  the  se¬ 
veral  tests.  Single  and  twin  vertical  tails  in  three  different  lonyiLudinai  positions 
relative  to  the  reverser  jets  in  combination  with  four  jet  cant  angles  have  been  inve¬ 
stigated  in  order  to  find  a  well-balanced  solution.  As  indicated  in  the  table  no  overall 
satisfactory  solution  was  found  with  the  twin  vertical  tails.  So  the  optimization  pro 
cess  doacribed  in  the  following  sections  will  bo  shovm  for  the  single  vortical  con¬ 
figuration  only. 


4 . 2  Identification  of  Problem  Areas 

The  first  test  period  was  mainly  devoted  to  identity  the  problem  uieus  ol  the  baseline* 
conf iguration  equipped  with  a  single  vertical  taiJ./rudder  in  the  forward  position  "V" 
and  thrust  reversers  with  0*  cant  angle  of  the  upper  and  luwei  Jets.  This  rovnrstjd  jot 
arrangement  was  originally  chosen  because  the  design  otfort  for  the  reversoi  ports 
should  be  as  simple  as  possible.  Fig.  19  shows  the  longitudinal  coefficients  ■iiLL’’  and 
"pitching  moment"  versus  angle  oi  attack  for  ^ero  controls  and  .i  high  lilt  flap  ncitr.lng 
at  different  Qa /q„-ra tios .  In  principle  the  data  show  no  problematic  changes  in  t.he 
over.ili  chciracCerietlcs  tenidc.'i  the  fact  that  for  the  high  OjAia,  the  flap  oJ  Lect ivonena 
is  increased  by  a  considerable  amount.  As  the  change  In  not  vyry  pionouncud  the 

increase  in  pitch  control  power  points  towards  un  aCt  shift  of  thn  pressure  point  N)f  the 
flap.  A  more  suspicious  change  may  be  found  in  the  lateral/dlroctionai  coelficients  at 
10®  cf  sidusllp  presented  in  Fly.*  29.-  Espoclaliy  directional  stability  is  almost  doubled 
at  lower  angles  of  attack  and  high  i-everaei  pressure  lotlos.  At  higher  angles  of  attack 
(where  the  thrust  reversers  are  not  likely  to  be  used  opuratlonolly)  the  effect  is  al¬ 
most  reversed,  although  the  deficiencies  in  c 
.stability  Cj^g.  The  most  problematic  feature  o 
Lion  is  po.lnted  out  in  Fig.  21 ;  The  sideslip  runs  with  variations  of  q^/cioa  show  that 
rudder  ef£icien'’y  is  heav.lly  influenced  in  a  negative  sense.  A  total  breakdown  of  ef¬ 
fectiveness  may  be  observed  for  small  rudder  deflections,  in  addition  for  large  rudder 
inputs  the  yaw  control  nnwer  fades  rapidly  versus  sideslip  angle.  PurihermfUr?  Fig.  22 
shows  a  remarkable  induced  pitch-down  effect  ‘’nee  the  rudder  Is  define  lod  i<m  liiructUm 
al  control. 

The  overall  characteristics  exhibited  above  are  oi  coursu  totally  JujacceptabLe  lor  a 
proper  f lightmechanical  and  control  law  design  and  alternative  “UitlonG  with  less 
severe  interferences  have  to  be  found. 


might  be  compensated  by  a  bettc*r  lateral 
baseline  thrust  reviorsur  conCiguru 


^  Influence  of  Vertical  Tail  position 

A  first  possibility  to  alt.er  the  detrimental  inter terencea  of  thrust  reverse  on 
rudder  efficiency  wa.s  investigated  by  changing  the  relative  position  of  vertical  tall 
and  reverser  jets  and  retaining  the  zero  cunt  angle.  Fig.  23^  shows  the  efiect  of  a 
moving  aft  of  the  single  vertical  tail  Into  position  ''A"  (detluitlon  see  Fig.  IB)  :  i'he 
smooth  stable  directional  characteristics  versus  sideslip  with  efficient  rudder  pow*.‘r 
for  0  are  deteriorated  dromcitlcally  If  the  reverser  jets  are  active.  Large 

unstaDl'?  ranges  of  versus  p  combined  with  a  control  reversal  at  .small  sideslip  ang’eo 
and  a  bieaKdown  of  ruddej*  power  at  larger  p'.s  indicate  that  this  uolution  will  not  be 
acceptable  in  any  case. 


All  Other  tests  done  with  straight  forward  blowing  upper  Jott  (v  »  0*)  in  combination 
with  tne  single  vertical  tail  showed  the  same  principle  deficiencies.  Slightly  better 
results  have  been  obtained  with  a  twin  vertical  tall  configuration.  But  non-steady 
directional  data  versus  sideslip  and  again  a  ^-dependent  rudder  power  have  proved  to 
look  for  better  solutions. 


4 . 4  Influence  of  Reverser  Cant  Angle 


The  results  discussed  in  the  earlier  aections  have  shewn  th'"_  nonlinearities  of 
rudder  power  versus  rudder  doClecticn  and  directional  stability  versus  sideslip  is  a 
major  point  of  concern  together  with  operation  of  an  inflight  th,*ust  reverse  device.  The 
close  proximity  of  the  straight  forward  reversed  jets  and  vertlca  tail/rudder  seems  to 
generate  severe  interferences  which  cannot  be  tolerated.  The  attempt  to  minimize  inter¬ 
ferences  by  changing  the  cant  angle  of  the  reversed  thrust  is  presented  in  Fig.  24.  The 
first  diagram  (v  =  shows  once  moxo  Che  originol  problems  of  the  baseline  {section 
4.2)  with  the  control  power  breakdown  dependent  on  and  rudder  deflection  itself. 

An  Inboard  cant  of  the  jets  (v  =  -10')  towards  the  vertical  tail  doesn’t  solve  the  issue 
as  illustrated  in  the  right-hand  diagrara  of  the  figure.  Better  results  may  be  obtained 
by  an  outboard  cant.  An  almost  total  separation  of  jet*,  and  vertical  tall/rudder  aero¬ 
dynamics  seems  to  be  reached  at  40"  outboard  cant.  The  diagram  on  bottom  of  Fig.  24 
shows  an  essentially  linear  rudder  power  versus  rudder  deflection  for  all  relevant 
Qj/q^ratios. 

Outboard  cant  together  with  a  twin  vertical  tai]  configuration  however  will  again  lead 
to  problems  with  yaw  control  power  at  small  rudder  deflections. 


4  .  li  characteriaclcs  of  an  Optimized  Configuration 

The  discussions  above  have  shown  that  a  considerable  amount  of  reverser  outboard 
cant  may  solve  or  minimize  the  interference  problems  between  upper  jet  and  rudder  effi¬ 
ciency.  Another  problematic  feature,  which  has  been  addressed  before  are  Che  directional 
data  versus  side-^iip.  The  yawing  momentB  versus  0  test  results  of  Fig.  2b  show  that  the 
negative  interferences  obtained  with  the  original  baseline  (v  »  0*)  could  almost  been 
removed  by  the  40*  cant  of  the  upper  jets.  For  ail  sideslip  angles  and  all  qj.''q,-ratios 
rudder  power  proves  to  be  linear  and  efficient.  A  small  degradation  in  da.*eccioral  sta¬ 
bility  Itself  versus  Qj/Q«  has  to  be  considered  according  to  the  presented  results  But 
as  the  smoothness  of  tne  yawing  coefficients  ia  maintained,  the  control  system  to  be 
Installed  will  cope  with  this  phenomenon.  The  lefthand  graph  of  Fig.  26  shows  the  corre¬ 
sponding  rolling  moment  coeCficietns  versu.’i  sideslip.  Again  no  suspicious  inter Corunces 
appear  if  the  reverser  is  operative  and/or  the  rudder  Is  deflected.  The  same  applies  to 
the  pitching  moment  coefficient  on  the  right  side  of  Fig.  26.  If  compared  with  the 
negative  interferences  of  ?•!  and  22  it  can  be  pointed  out  that  nearly  oil  the 

negative  effects  of  Inflight  thtust  reverse  have  disappeared  if  the  tested  stnyle 
vertical  tail/rudder  configuiution  is  equipped  with  upper  rovorser  Jets  which  are  canted 
outboard  by  a  considerable  amount.  However,  it  should  be  mentioned  that  such  a  solution 
may  be  likely  to  introduce  some  new  problems  as  for  example  a  liiyhor  sophisticated 
nozzle  design  and  more  severe  liafet.y  requiroraonts  due  to  the  large  yawing  moments  Lu 
cose  of  failure  of  one  revorser  port.  On  the  other  hand  somn  .idditlons)  £.1 1  ghtmechaiiical 
advantage  could  be  drawn  out  of  canted  upper  .\nd  lower  reverser  Jets  it  the  ynw 
potential  In  asymetric  operation  is  used  for  enhariceU  dlrectionjl  control  power. 


'j .  CONCLUB.IONS 

The  Illustrations  oi  section  3  of  this  paper  )iave  shown  that  the  demanding  design 
goals  of  "New  Goneration"  tighter  aircraft  can  bo  achieved  more  easily  and  with  greater 
degrees  of  freedom  by  integration  of  thrust  vector/thrust  reverse  devices.  The  illgliL- 
mechanlcal  exploitation  of  those  devices  inflight  and  during  ground  roll  provide  an  ex¬ 
cellent  supplement  for  the  aerodynamic  control  surtaces  and  may  oven  to  used  as  o  sub 
stitute  for  aerodynamic  surfaces  like  horizontal  tails  or  airbrakes. 

Tho  details  of  design  wit  h  respect  to  stability  and  control  has  to  be  dominated  by 
the  attempt  to  find  n  nror.of  srrangemenL  for  the  geometry  uf  the  ieverier  jets  which 
give  minimum  interferences  and  satisfactory  efficiency  of  the  thrust  control  simulta- 
neously . 

It  has  been  shown  In  section  4  that  for  inflight  thrust  reverse  the  geometry  of  the  up¬ 
per  jets  in  combination  with  the  vertical  tall/rudder  group  are  of  major  Importance. 
Matters  of  concern  within  the  optimization  processes  in  wlndtunnel  may  he  found  in  the 
chdracterisLicB  of  directional  stability  and  ruddei  efficiency  versus  sideslip  with 
thrust  reverserc  in  operation.  Straight  forward  blowing  upper  jets  (\i  =  0*)  and  inboard 
cant  will  not  lead  to  real  satisfactory  solutions  for  single  and  t*ftn  vertical  tall  con¬ 
figurations.  A  feasible  (optimum)  conllguraclon  could  be  identified  if  a  combination  of 
outboard  cant  of  upper  jets  ia  used  together  with  a  single  vertical  tall.  The  amount  ot 
cant  angle  and  the  relative  position  of  vertical  tall  reverser  ports  will  be  a  matter  of 
deta.lied  optimization  in  wlndtunnel  and  may  heavily  depend  on  tho  individual  configura¬ 
tion. 

Problems  and  optimization  procedures  for  thrust  revornere  in  ground  effect  will  be  dis¬ 
cussed  in  paper  i9,  prepared  by  the  same  authins. 
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Fig.  1  Rationale  for  Necessity  of  a  Horizontal  Tail 

Pitcli  Thfusl  Vector/ 

Canard  Car^figuratcon  Aft-Tnit  Configiirntioii  TnrUKt  Fxeverse  Conticjuratiur] 


t''ig.  2  Example  for  a  Modern  Fighter  with 

Thrust  Reverse  and  Pitch  Thrust  Vector  Devices 


I'ig.  3  Principles  of  Thrust  Vector/Thrust  Reverse  Devices 


F^ilcM  rhrvistV  .'CUiriiii)  (IMV)  thrust  MuvkisiMI  II) 


Mg.  4  Special  Features  of  a  Pilch  Thrust  Vector/Thrust  Reverse  Design 


Mg.  S  Longitudinal  Doceiaratlon  Capability  with  Thrust  Reverse  Devices 


M-ti  1 1 


Mgiii  Typical  Longitudinal  Deceleration  Capability  witti  Airbrakes 

(S  ■«  1.6  m':  I  ■  60  ) 


Hg,  7  Optimized  Ground  Roll  Distances  During  High  Performance 

Landings  (Mass  «  lOOOO  kg;  Dry  Runway;  115  kts  Approach  Speed) 
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tiadi  Principles  of  Conventional  High  Performance  Landings 

(Drag  of  Aircraft  Ncgiecfed) 


Possible  Automatic  Procedure  for  Use  of  Thrust  Reversers 
Outing  a  High  Performance  Short  Landing 
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Fig.  10 


Fig. 


Effect  of  Ropiacement  of  ''Aaro-Tali"  by  a  ‘*Thrust-Talh  "Off  Design*’  Drag  Characteristics 

on  Zero  Lift  Drag 


i 
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KiE.12 

Typical  Pitch  Control  Power  During  Approach 

(Appir»ach  Sp*«<i  1 18  kt«} 


Fig.  U 

Tj^ical  Pitch  Down  Capabilities  r>ear  Maximum  Lift 

(AlUlv<l*::(UOOOn;Mjit»-  11 OOO  he:  H'diui  an(t«r1l*:9.Bm;30  AQA) 
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Fig.  14  Comparison  of  Fuselage  Aiming  Corridor 
"AH  Tail"  Versus  "Pitch  Thrust  Vectoring” 
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Fig.  16  Arrangement  and  Definition  of 

Thrust  Reverse  Devices  in  Windtunnel 

v>  Cant  Angle 

X*  Angle  of  Raveised  Thrust 

Vertical 


Fig.  17  Typical  Dynarnic  Pressure  Ratios  During 
Thrust  Reserve  Operation 


Fig.  18  Test  Matrix  For  Low  Speed  Wlndtunr-Jl  Investigations 
On  Thrust  Reverser  Configurations 
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Fig.  21 

Yawing  Moment  Characteristics  and  Rudder  Effectiveness  versus 
Sideslip/Inflight  Thrust  Reverse 

(Single  Vertical  Tail,  Position  F;  Cant  Angle  v  s  o°;  a  s  15°^ 


Fig.  22 

Longitudinai  Characteristics  versus  Sideslip 

(Single  Vertical  Tail,  Position  F;  Cant  Angle  v  =  0'^;  Flaps  Down;  u  =  15  ”) 
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Fig,  23 


Yawing  Moment  Characteristics  and  Rudder  Effectiveness 
versus  Sideslip 

Vertscui  Position  A;Cant  Angle  vs  O";  a  =  15*^ 
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Fig.  24 

Optimization  of  Thrust  Reveise  Cant  Angle  with  Respect 
to  Rudder  Effectiveness  Itdlight 

(Sinyle  Vertical  Tail,  Po!;ition  K;  Flaps  Down;  i: «  15';  fl  ■=  0") 
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Fig.  25 

Yawing  Moment  Characteristics  and  Rudder  Effectiveness 
of  optimized  Thrust  Reverser 

(Single  Vertical  Tail,  Position  F;  n  =  15“;  Flaps  Down;  v  =  40“) 


Fig.  26 

Rolling  and  Pitching  Moment  Characteristics 
of  Optimized  Thrust  Reverser 

(Single  Vortical  Tail,  Position  F;  n  =  15";  Flaps  Down;  v  =  40") 
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Aerodynamic  Interferencea  of  In-Flight 
Tlirust  Revar&ers  In  Ground  Effect 


G.  Wedekind 

P  Mangold 

Dernier  GmbH 

Postfach  142D 

/yyo  Friedrichshafen 

Faderai  Republic  of  Germany 


Abstract; 


Overall  design  studies  for  lijture  fightor  aircraft  have  shown  that  it  may  be  desirable  or  oven  necessary 
to  Install  an  in-fligtil  thrust  reversing  mode  during  approndi  and  landing  ir^  order  to  fulfil  the  growing  re¬ 
quirements  for  optimum  mission,  manoeuvre,  and  point  performance.  With  this  device  an  additional  opti¬ 
mization  task  Is  introduced  Irito  the  aerodynamic  design  process,  because  adverse  aorodynamic  interfe¬ 
rence  effects  have  to  be  avoided.  -  The  problems  related  to  approach  and  landing  may  roughly  be  devl- 
ded  into  two  main  subjucts: 

•  Reingeslion  of  the  hot  exhaust  gases  into  the  inlet  of  the  engines  has  to  be  retarded.  The  possibility  to 
use  the  thrust  reversers  down  to  very  low  speeds  on  the  runway  during  lending  phases  Increases  the 
potential  to  exploit  this  device  for  short  landing  canabilllies. 

•  Detrimental  aerodynamic  interferences  In  terms  of  abrupt  changes  of  the  aerodynamic  forces  and  mo¬ 
ments  are  not  tolerable,  because  the  controllability  of  ho  aircraft  has  to  be  guaranteed  within  the  whole 
approach  and  landing  phase.  The  most  critical  situation  has  been  found  to  occur  shortly  before  touch¬ 
down  when  the  lower  lets  hit  the  ground. 

In  a  cluse  cooperation  between  Oornler  and  Northrop  a  design  study  for  a  twin  engino  fighter  equipped 
with  an  ln*flight  (lirust-revorsar  (N/0-102)  has  been  performed.  During  this  period  several  low  sp^.^ed  wind 
tunnel  tests  phases  were  run  In  order  to  study  the  principal  effects  of  such  a  device.  In  this  paper  a 
summary  of  the  test  results  Including  force  measurements  and  flow  visualisation  are  presented  and  some 
design  rules  for  a  revemer  system  are  derived. 

The  conclusions  to  be  drawn  from  these  tests  indicate  that  It  is  possible  to  separatn  the  affects  of  the  up¬ 
per  and  lower  jets: 

•  The  upper  Jets  can  cause  problems  related  to  fin  and  rudder  efficiency  with  operative  thrust  reversers. 
The  effects  near  ground  do  not  differ  remarkably  from  those  experienced  In  pure  inflight  situations.  The 
test  results  obtained  In  this  field  will  be  discussed  within  paper  17. 

•  The  lower  Jets  -  as  can  be  presumed  -  may  generate  several  problems  in  ground  effect  shortly  before 
touch  down  with  respect  to  reIngestion  and  adverse  aorodynamic  Interferunces. 

To  Illustrate  a  possible  optimization  procedure  the  most  Interesting  roeuits  of  two  test  periods  are  pre¬ 
sented  and  discussed.  During  the  first  one  "nun-canted"  lower  lets  were  tested,  because  It  hud  been  as¬ 
sumed  that  such  a  jet  configuration  may  cause  less  problems  In  a  failure  case  {yawing  momeni  during 
engine  failure).  Soon  force  measurements  and  flow  visualisation  made  evident  however  that  non-canied 
jets  may  not  be  feasible  for  reversers  used  during  approacn  and  landing,  in  ground  effect  a  fountain  Is 
formed  below  the  aircraft,  the  forward  and  side  position  of  which  is  a  tight  function  of  jet  pressure  ratio 
(and  hence  air  speed),  bank  angle,  and  sldo-slip  of  the  aircraft  itself.  Especially  tho  second  parameter 
tends  to  cause  extreme  changes  In  lateral  stability  C,,-  due  to  strong  *ntftrference  between  fountain  and 
wing.  Forcu  tests  confirmed  this  effect. 

During  ground-roll  the  forward  position  of  the  fountain  Increases  when  speed  of  the  aircraft  Is  decreased. 
For  the  special  fighter  configuration  tested,  reingestlon  of  the  hot  exhaust  gases  would  have  been  occurad 
alieauy  di  iuuch-down,  and  so  the  thrust  reverser  had  tu  be  cut  off  oiready  prior  to  Ihls  puint. 

Therofure  a  second  wind  tunnel  period  has  been  perfomed  where  a  variety  of  canted  lovyor  jets  were  te¬ 
sted.  it  will  be  shown  that  In-fllght  thrust  reverse  devices  are  applicable  throughout  the  total  approach  and 
landing  phases  (f  a  careful  optimization  with  respect  to  cant  anple  is  performed;  The  detrimental  fountain 
can  be  avoided  which  then  permits  the  reverser  to  be  used  down  to  relatively  tow  (taxi)  speeds.  As  a 
further  consequence  tho  adverse  aerodynamic  Interference  v^uilsh  leaving  the  stability  and  control  cha¬ 
racteristics  close  to  the  basic  ones  with  roveraer  ofl 

So  it  can  be  concluded  that  the  full  potential  of  thrust  reverse  may  also  be  exploited  for  flight  mechanical 
optimization  of  final  approach,  landing,  and  for  effective  ahortenlCig  of  ground  roll. 


1.  Introduction 


In  the  preceding  presentation  (Papor  17)  general  acipects  and  highlights  of  an  In-flight  thrust  reversdr  (TR) 
device  have  been  demonstrated.  Characteristic  interference  effects  between  upper  TR-jets  and  vertical 
fin  with  rudder  have  been  highlighted  including  the  poesibiiity  to  inf!uoni.a  them  In  a  positive  manner  at 
one  type  of  aircraft  configuration.  This  configuration  has  been  deveioped  from  1980  to  1986  by  Northrop 
and  Dornier.  and  has  been  described  in  the  presentation  mentioned  above.  The  jet-fin  Interferences  are 
a  point  of  concern  cvor  the  whole  flight  regime  when  thrust  roversei  mode  is  used. 

At  landing.  In  the  approach  touch-down,  and  ground  roll  piiases  further  problems  arise  from  the  lower 
TR-Jets  which  Interfere  with  the  ground.  In  this  condition  mainly  two  aspects  of  concern  exist,  as  Illu¬ 
strated  In  Flo.  1 

•  Aerodynamic  interteronces  before  touch-down 

In  free  flight  the  lower  jets  ore  bont  aft.  awav  from  the  airciaft  and  especially  from  tho  wing.  So  no 
specific  interference  problems  are  to  bo  expected  as  proved  by  the  results  of  paper  17.  At  toucli-down 
however  the  situation  Is  totally  changed,  because  tho  geometry  of  the  revarsod  lower  jets  is  heavily 
affected  by  the  ground.  Below  some  distance  of  the  aircraft  abovo  ground  they  are  turned  forward  and 
the  flowfield  of  tho  wing  Is  strongly  Influenced  by  these  jets.  This  mechanism  may  cause  abrupt  clian- 
gos  in  aerodynamic  forces  and  moments  on  the  aircraft  and  provoke  serious  and  dangerous  situations. 

•  Reliigestion  in  ground  toll 

The  more  classical  problem  of  relngostion  Is  caused  by  tho  lower  jets  too.  If  reinge&tlon  occurs  too 
early  (that  means  at  a  too  low  q^/q„-ratio)  a  thrust  revorser  Is  almost  useless  for  deceleration  after 
touch-down.  The  aim  Is  to  retard  this  event  as  far  as  possible. 

In  this  presentation  the  Interference  effects  noar  ground  are  described  and  a  way  Is  highlighted  how  to 
influence  them  positively  fur  this  special  type  of  configuration. 


Aerodynamic  Intorference  In  Ground  Effect 

Two  windtunnal  tost  phases  were  performed  In  order  to  study  and  optimize  the  Interierenco  effects  of  re¬ 
versed  jets  close  to  ground.  Phase  I  was  run  In  the  low-speed  tunnel  of  DFVLR  at  GdttIngon  wllh  simple 
uncanled  jets  --  0^)  and  a  reverser  angle  of  K;a  ^  f^or  definition  of  these  angles  see  FIq.  8  During 
the  second  phase  (Phase  II)  In  the  Oornier  low  speed  tunnel  the  lower  )eto  were  canted  outboard  by  an 
angle  of  «  30^. 

In  order  to  gal  a  rough  but  more  or  less  complete  improsslun  of  the  situation  the  tests  were  i  eslrlcted  to 
three  attitudes  of  the  aircraft: 

•  Approach  near  ground: 

The  flaps  were  deflected  fully  down  (minus  a  certain  reserve  for  roll  control)  and  the  aircraft  was  incli¬ 
ned  to  the  unglo-ohattack  at  landing  of  a  -  15^. 

The  same  attitude  was  tested  with  a  bank  angle  4>  of  1U".  because  It  can  be  expneted  that  o  bonk  angle 
may  have  similar  effects  like  a  sideslip  angle. 

•  Ground  roll; 

Tests  were  performed  at  a  »  0°  with  the  correct  distance  between  fuselage  and  ground  representing  the 
height  of  the  landing  gear. 

Similar  to  the  free  flight  testa  only  the  aerodynamic  inierfurence  forces  on  the  model  have  been  measu¬ 
red,  excluding  the  jet  forces  themselves.  The  q-raflo  has  been  varied  from  2b  to  75. 


I  'hase  I:  Uncanted  lower  Reverser  Jets 

As  mentioned  above  the  tests  started  wllh  the  most  simple  TK  configuration.  That  means  that  all  thrust 
reverser  jets  were  not  canted. 


Approach  shortly  before  Touch  Down 

It  soon  became  evident  that  this  simple  version  would  cause  serious  problems  near  ground  which  prohi¬ 
bits  Its  use  on  a  >'eal  aircraft. 

•  Aerodynamic  forces  and  moments 

Tho  force  measurements  in  approach  demonstrated  that  a  lot  of  adverse  onsets  uccured.  They  are  sum 
marized  In  Fig.  2 

Almost  all  the  essential  derivatives  as  rolling,  yawing,  pitching  moment,  and  lift  are  strongly  affected  by 
the  reversed  jets.  These  values  are  plotted  as  function  of  sideslip  angle  fS  for  a  typical  reverser  setting 
In  approach  «  27),  using  as  parameter  the  distance  H  of  the  lower  TR  nozzles  above  ground,  redu¬ 
ced  by  wing  span  b. 


The  plots  indicate  that  below  H/b»CJ.2  (That  means  tor  the  real  aircraft  that  the  bottom  of  the  aftbody  is 
about  2  meters  above  ground)  the  Interferences  increase  rapidly  and  cause  dramatic  changes  on  (haso 
derivatives' 

-  Roiling  moment  is  ext*^mBiy  8tabill2ed  in  a  small  fi  range  around  Ji  ~  0^.  This  overstablll^ation  would 
be  as  critical  as  a  strong  ddslablllzatton.  because  a  flight  control  system  cannot  cope  with  such  an  ab¬ 
rupt  effect. 

-  The  yawing  moment  is  destabilized. 

-  The  aircraft  tends  to  pitch  up  due  to  a  strong  nose-up  moment  being  in  the  amount  of  that  generated 
by  a  full  tialltng-edge  flap  deflection. 

'  Lift  decreases  drastically. 

These  four  adverse  effects  -  especially  their  abrupt  build-up  and  simultaneous  occurence  arc  unaccep¬ 
table.  Honce  this  simple  TR  configuration  cannot  be  used  In  approach. 

'  Phenomenological  explanation 

The  mason  for  these  adverse  Interferences  can  be  understood  by  flow  visualisation  In  ground  roll  as  11- 
lustratud  In  Klg.  3  (Tho  photos  were  of  minor  quality  In  this  first  test  phase.  Therefore  a  sKetch  derived 
from  them  Is  presented).  On  the  left-hand  side  of  the  figure  the  footprint  caused  by  reversing  the  lets  with 
a  q-ratio  of  qifq„  50  at  zero  sideslip  (shaded  region)  Is  shown.  As  the  jets  blow  directly  against  free- 
Btream,  a  central  fountain  is  formed  below  the  cochpit.  The  sideward  position  of  this  fountain  Is  strongly 
varied  with  sideslip  (right  side  of  the  figure).  This  behaviour  implies  that  In  approach,  where  a  q-ratio 
smaller  than  50  can  be  expecled,  the  fountain  hits  the  aircraft  more  aft  (see  Fig,  4  )  which  will  then  causu 
the  stobiilzation  In  roll  and  the  nosa-up  pitching  moinent.  The  reason  tor  the  loss  In  lift  may  be  found  In 
a  suction  below  the  wing  which  has  its  origin  In  the  concave  curvature  of  the  jet  surface. 


Ground  Roll 

As  Indicated  by  Fig.  3  the  ceidral  fountain  which  contains  tho  hot  exh.  is!  gases  of  the  engines  Is  posi¬ 
tioned  considerobiy  In  front  of  the  Inlets  already  at  a  q-ratlo  of  50.  Thuiofore  the  reverser  thrust  has  to 
be  cut  back  presumely  to  a  q-ratio  of  about  25  In  order  to  avoid  reingestlon.  Comparing  this  value  with 
typicul  dynamic  pressure  ratios  naadud  for  thrust  reverse  (see  fig.  17  uf  presentation  17)  It  Is'evldent  iii*it 
such  a  simple  reverser  configuration  Is  almost  usalees  not  only  In  approach,  but  for  deceleration  after 
touch-down  too. 


Possible  Impruvonients 

As  already  Implied  by  figure  3  the  sideward  position  uf  the  fountain  I:.  very  sonsitive  lu  changes  In 

crobswlnd.  Honce  a  can!  of  thu  lower  thrusi  reverser  {ets  might  bo  a  ptoniislrig  muusure  1u  Impri/ve  ttiu 

situation.  Tht'  footprint  with  canted  lower  jets  should  look  like  that  sketched  In  Fig.  >5  Several  positivu  of 

fects  can  be  oxpoctod  (  Fig.  0  ); 

*  Tho  central  fountain  will  be  deleted  and  replaced  by  two  fountains  in  a  sidoward  position  which  will  nut 
intuiforo  with  the  Inlets  up  to  o  relatively  high  q-ratlo  .  Therefore  the  problem  due  to  rningustiun  will 
be  solved  or  at  least  retaidod. 

*  t3y  dibtrILuti'iy  tile  fountciins  tu  both  sides,  the  problem  related  tu  the  roiling  moniunls  may  he  rulnxed 
becau.se  of  the  belter  symmetry  of  tho  flow. 

*  if  ttie  fountain  is  .’’cniuved  (rum  fuselage  and  winy  the  large  nuse-up  pitching  nioment  will  bi.*  MKoly  tu 
disappear . 

Canting  the  lower  Jets  outboard  has  of  course  some  disadvantages  too: 

*  Tint  thrust  reverser  bocucries  heavier  and  Its  design  will  be  more  cumplicalod  duo  to  vanes  ui  similar 
duvkus  which  have  tu  be  Installed. 

*  In  case  of  single  engine  failure  ttiu  revorserof  the  operating  engine  lias  tu  be  closed  inimodiolel/  be¬ 
cause  of  strong  yawing  moments  Induced.  These  ceilalnly  cannut  be  controlled  by  rudilnr,  at  least  at 
luw  speed. 

'■^ut  in  prini:ip;il  thc.^n  dlsadv.intuyob  should  not  be  too  serious,  and  such  ;i  rovrjrsnr  soem.'i  to  lie  fc.'iRlhIr!, 


Phase  II:  Canted  lower  Reverser  Jets 

The  minimum  cant  angle  which  will  be  sufficient  to  yet  rid  uf  tho  aerodynumlr.  problems  cannot  be  ova 
luated  without  detailed  optimization.  From  the  design  point  of  view  this  angle  should  be  as  small  as 
possible.  As  a  first  step  It  has  been  decided  to  perform  additional  tests  in  a  second  wind  tunnel  campaign 
wilh  a  cant  angle  of  v,„  ^  30^  The  modeled  model  has  been  tested  in  the  Dornleriow  speed  wind  tunnel, 
and  flow  visuallsatiur.  was  considerably  improved.  The  results  showed  that  the  interference  problems 
could  already  be  solved  by  this  first  step  variation. 


ApproAc^h 


2.2.1 

•  Aerodynamic  forces  and  moments  (  Fig.  /  ) 

In  the  moM  criticaf  condition  iicui  gruund  (H/b-*.12)  no  oversUbllizatlon  in  rolling  moment  has  been 
measured,  and  the  yawing  moment  is  slightly  stabilized  by  the  revorser.  Tests  with  bank  angle  showed 
that  only  a  very  siio^  destabiilzatlon  In  rolling  moment  was  caused  by  banking-  This  is  regarded  to  be 
uncritical.  Furthermore  the  loss  In  lift  and  the  noso-up  pitching  momonl  which  occured  with  non-canted 
jets  was  removed. 

•  Phenomenology 

The  expected  aerodynamic  effects  discussed  abova  proved  to  be  correct.  Fig.  8  shows  a  photo  of  the 
footprint  at  a  q~ratlo  of  qjq, ,  *  75  and  a  sketch  of  the  flow.  Tills  footprint  was  tasted  at  ground  roll,  where 
the  distance  between  model  and  ground  plate  was  defined  *)y  the  holght  of  the  landing  gear.  After  the  test 
the  model  has  been  removed.  Its  plan  view  Is  drawn  on  the  ground  plate  to  mark  the  exact  position  of  the 
aircraft  relative  to  (he  footprint. 

Two  definite  regions  can  be  distinguished  by  tracing  (he  streamlines  on  tho  plate: 

•  a  region  dominated  by  free  stream 

•  and  another  one  which  Is  dominated  by  the  reversar  jets. 

The  small  region  below  the  sfrakes  In  the  plane  of  &ymmeti*y  Is  not  typical.  Here  the  boundary-layer  of  the 
free  stream  is  forced  to  separate  by  the  reverser  Jets.  In  a  real  landing  condition  the  aircraft  It&olf  moves 
relative  to  the  ground  and  noi  the  windtunnel  airflow  as  in  the  case  of  the  tssls.  Therefore  this  layer  does 
not  deveiope  and  hence  cannot  separate. 

When  following  the  streamlines  on  the  floor  a  separation  line  cun  bo  detected  on  both  sides.  These  lines 
Imply  that  canted  lets  form  no  fountains  but  two  side  vortices.  Thu  central  fountain  does  not  develop  and 
is  replaced  by  a  stagnation  line  being,  situated  more  aft  than  (he  fountain  in  the  case  of  nun-cantod  Jets. 
Fig,  j  shows  the  geometry  of  the  flow  for  the  same  q-ratio  but  at  a  sideslip  angle  of  //  10^  The  footfprint 

reniainc  quite  symmetrical  even  at  sideslip  which  Implies  that  If  is  relative  Insensitive  to  changes.  This 
effect  in  combination  with  the  others  seems  to  be  the  reason  for  the  good  aerodynamic  behaviour. 


222  Ground  Roll 

In  order  to  represent  a  whole  u^ound  roll,  a  sei  of  pictures  Is  composed  In  Flo.  10  with  variing  qjq  , .  The 
footprint  and  the  flow  on  the  side  of  the  aircraft  is  Illustrated.  Comparing  the  pictures  one  can  trace  the 
development  of  the  jot  flow  with  Increasing  q-ratio  •  or  decreasing  dynamic  pressure  ruspectlvcly.  Up  to 
a  q-retlo  of  75  which  wao  the  maximum  value  toslod  no  relngostion  occurod. 


2.3  Jet  tftect  on  Aircraft 

In  the  flow  on  bottom  of  the  aircraft  for  qjq^.  bO  Is  shown  In  more  dotoll.  On  thu  cuntral  fusuluge 

a  small  fountain  of  limited  ske  can  be  defected,  a  zone  which  is  dornlnulecl  by  the  jets 

But  when  tracing  the  streamlines  beginning  at  the  sidewai!  ot  the  inlots  It  Is  evldenl  that  thu  front  limit  of 
this  iono  Is  positioned  somewhere  un  ttie  aft  part  of  the  boxes  which  lepresent  the  Inlets.  The  winy  Is  al 
ruaily  outside  of  thl.*;  zone.  No  Indlcntlun  fur  relngesdur)  can  be  delected  on  ihe  fusoluge  al  this  q  ratio. 


3.  Conclusions 

The  In-fllghi  thrust  reverser  tests  performed  at  tho  N/D  102  configuration  denionsirutc  that  with  rospoct  to 
the  lower  thrust  reverser  Jets  several  principal  Items  have  tc  be  regarded  for  such  a  type  of  aircraft 

*  In-flight  no  special  problems  have  been  detected. 

*  In  ap, /roach  aerodynamic  Interference  oflects  can  cause  serious  problems  with  non-canted  lower  lots. 

Hencu  they  have  to  be  canted  outboard  to  a  amount  which  still  Is  u  matter  of  deialled  uptimi 

zatlon.  The  cant  angle  tested  Indicates  however  that  adverse  Interference  offnetb  can  be 

avoided  with  such  a  reverser  configuration. 

*  Reingestlon  prubtems  can  be  resolved  with  canted  lower  Jots  loo 

further  opllrnizatlun  tests  have  not  been  purformed  with  this  conflgurallon.  rheieforu  It  Is  not  definite  that 
this  cant  ai^gle  is  optimum.  Nevertheless  the  tests  demonstrate  that  en  In-flight  pitch  thrust  vectoring/ 
thrusi  reve.''8lng  device  Is  feasible  -  at  least  on  such  type  of  configuration  having  a  relatively  small  whip 
In  a  high  position,  a  single  vertical  tail,  and  no  aft -tali,  and  that  It  will  provide  an  hnpresslvo  Increase  In 
agiilty  and  pertormance  to  the  aircraft. 
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Fig  1  Geunratry  of  Tn-Jets  from  Free  Flight  to  Landing 


Fig  ?  Aerodynamic  Effects  of  Non>Cant«d  Lower  TR-Jets 
in  Ground  Effect 
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Footprint  and  Fountain  with  Non-Canted  Jets  at  q/qm  SO 
(after  Flow  Visualisations) 
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Fig  4  AMvdynomlc  Efiacts  of  Non-Cantad  TR-J«tts  in  Ground  Effect 
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Plow  configurations  caices; 


•  strong  nosQ-up  pitching  nxKnor.t 
due  to  fountain 

•  loss  of  lift  due  to  suction  at 
lower  wing  surface 

•  overstabilization  in  roUing 
dodvdti 


*  destabilization  in  yawing  derivative  C,.„ 

C»  reingestion  aiieady  at  touch'down  speed 

Due  to  these  adverse  effects  noo-canted 
lower  TR'jets  are  not  tole  able 


Fig  5  Faott.'>Hrrt  «vith  (Canted  Jetk 
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Fig  6  Imprirwement  due  to  Outboard  C«it  of  Lower  TR-J«ts 


Advantaoe  of  cant: 

Central  fountain  is  reduced  in  strer^h 
or  even  avoided.  Consoquooce: 

•  improved  aerodynamic  interference 
at  touch-down 
9  retarded  recirculation 


Oisadventage  of  cant; 

•  TR'aystem  rrore  complicated 

•  some  weight  increase  to  be  expected 
9  immediate  closing  of  TH  at  engine 

failure  required  due  to  stfong  yawing 
moments 


L: 


Fig  7  Aarodynamic  Effc-cts  of  Canted  Lower  TR-J«ts(v-„,>i  301 
In  Ground  Effect 


Fig.  e  Effect  of  Cacif^ng 


•  Central  fountain  reduced 

•  Replaced  by  two  lateral  vortices  outside  of  wing  span 


Fig  10  R«insMtjon  in  Ground  Roll 

•  Rflingestion  does  not  yot  occur  at  q/doo  -  75 

q/qoc.-25  q,/qgo“50  M/qoo-75 


Side  View 


Fig.  12  bi-FHghit  TR  in  Ground  Effect 


Conclusions: 

•  Uncantod  lowerTR-jots  give  umiccc^tabte  serodynamic  Interlofonue  related  to 

-  aorodyruimic  forces  and  moments  shortly  before  louch-down 

-  reingestion 


e  A  cant  cores  the  adverse  aer odynarnlc  eftec'ts  of  urKanied  Tn-jols 
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ElUDE  DE  L’EFFET  DE  SOL  Al  I  f’EAT 
EXPLOITATION  DES  RESULTATS 
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Oeorges  Vidal 
Inguiiieur  d'lissais 

ITlNNhl.  AFRO-HYOUOOYNAMIOUL- 
C’liAT  —  (TduUiu-w) 

2.1  Avenue  I  tcmi  Gullaumei 
.^lO.Sn  'Iduliiur.e.  Cedex 
iTaiiee 

el 

Jacquev  Dcschampa 
Iiigenieur  d'Flude.x  AeTiKlyiminiques 
MYSll-Ki;  FALCON  LNCINFIIKING  DIVISION 
AMD- BA  MliKIGNAC 


resih: 


Qepuis  1979,  le  Tunnel  A^ro-H/drodynandque  du  (EAT  est  dqiiip^  d’une  plate-fonae  entiferoiEnt  cardnde, 
propuL.sde  per  un  nDCeur  lindaire  pennettant  d'atCeliidre  la  vitesse  de  Vi  m/s, 

Ce  moyen  d'essai  eat  aiirtuut  utilisd  en  adrodynaraique  pour  lea  4tudes  du  caigx>rtenienc  dcs  aviona  en 
presence  du  sol, 

L'objet  de  co  document  est  de  presenter  tout  d'abord  lea  moyens  d'essai,  puis  de  d^crire  les  montages 
utilises  pour  L'dtude  de  I'effet  de  sol,  et  enfin  de  montrer  quelqucs  rdsultats  ife  nesure. 

Pour  le  constmeceur  d'aviens,  il  est  en  effet  essentiel  de  connaltre  I'influence  de  la  proxindtd  du 
sol  sur  les  coefficients  adrudynamiques  longitudinaux  et  transversaox. 

A  titre  d'exoqjle  nous  dainons  quelqiies  idsul.tats  d'essais  cffectuds  sur  uia>  naquette  d<>  1 'avion 
d 'affaire  FaT  on  900  au  1/10. 

Les  rdsuLCats  uiontrent  qua  I  'effet  de  sol  augiKnte  le  coefficient  de  portance  et  le  motiEnt  longitudi¬ 
nal  piqueur  pour  des  incidences  usuelles  d'utilisation. 

De  m&E  la  tratnde  diminoe  et  la  finesse  augmentc  quand  I'aile  s'approche  du  sol. 

Au  cootraire  le  Cx  et  1' incidence  de  ddcrochage  dimiiuent  dans  I'effpt  de  boI. 

Le  calcul  numSrique  de  rdpartitioo  de  pression  effectud  sur  ordinateor  par  la  mdthoda  des  singulari- 
tds,  noiitre  que  sur  un  profil  de  vc  lure,  I'effet  de  sol  augmente  la  pression  A  I'intrados  et  la 
ddpression  dans  la  partie  avant  de  I'extrados,  le  rdaultat  global  dtant  une  augpientation  de  portance. 

Ces  rdsultats  thdoriques  sent  cohdrents  avec  les  essais  effectuds  au  Tunnel  Adro-ify  <xlynamique. 
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AUSIRACT 


Since  1979,  the  AertHlydrotViniiiic  Tunnel  of  OEAI  Toulouse  is  equipped  with  a  faired  platfora  powered 
by  an  electrical  linear  induction  cntor  enabling  a  naxinus  speed  of  40  a/a. 

This  method  is  chiefly  used  in  aerodynamic  testa  to  analyse  the  aircraft  behaviour  in  ground  effect. 

The  purpose  of  this  document  is  to  show  the  equipment  and  facilities  used  for  the  ground  effect 
tests,  and  to  provide  a  few  raeasuremait  data. 

For  aircraft  nanufacturers  it  is  essential  to  lonow  the  effects  of  grotsid  proocimity  on  the  aerodyns- 
mics  of  the  wing. 

The  ground  effect  has  been  studied  cn  a  Falcon  900  model  (acale  1/10)  at  the  A.H.T,  of  Toulouse, 

Results  show  that  ground  effect  increases  the  lift  coefficient  and  the  pitching  naient  (nose  down) 
for  usual  angle-^-attack. 

In  the  aome  way  the  drag  decreases  and  the  lift-to-drag  ratio  increases  as  the  wing  approaches  the 
ground. 

On  the  contrary,  stall  Cl  and  stall  angle-of-attack  decrease  in  the  ground  effect. 

Mjoerical  computation  of  pressure  distribution  by  a  panel  method  shows  that  on  a  wing  profile  the 
ground  effect  increases  the  pressure  on  the  lower  surface  and  decreases  the  pressure  on  tlie  forward 
part  of  the  upper  surface. 

The  overall  result  of  ground  effect  is  an  increase  in  the  non.«l  force. 

These  computation  results  are  in  good  agreement  with  the  test  results  obtained  at  the 
Aero-Hydrodynanio  Tunnel. 


NDEATICN 


S 


Cp  Pressure  coefficient  (pl"Ro)/q 

pi  Local  static  pressure 

Static  pressure  in  free  stream 
q  Dsmamic  pressure  i/lltft- 

VS  Stall  speed  in  fli^t 

VS'  Stall  speed  in  ground  effect 

CL  Lift  coefficient 

CD  Drag  coefficient 

CM  Pitching  nosent  coefficient 

o(  Angle-of-attack 

u  Elevator 

VC  C.A«S.  Calibrated  Air  Spend 

VI  Critical  engine  failure  speed 

n/P  HuruatAtei^t  ratio 

Finesse  Lift/Drag  ratio  f  “  Cz/Cx 
Z  Height  of  wheel/grouiiJ 
H  Proximity  ratio  Z/b 
b  Seoii  span 
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NOIAIKM 


Kp 

pi 

q 

vs 

VS' 

cz 

cx 

CM 

t>< 

S  IQ 
VC 
VI 

•n/p 


Coefficient  de  presaion  (pi  -  tv<0/q 
Preaaion  atatique  locale 
Presaion  atatiqne  infini  amont 
Presaion  dynaiiiique  l/2jy^ 

Vitease  de  d^crodiage  vol 

Vitesse  de  ddcrochage  dans  I'effet  <le  ool 

Coefficient  de  portance 

Coefficient  de  tralnde 

Coefficient  de  inoment  de  tanga^ 

Incidence 

Couveme  de  profondeur 
Vitease  coifventionnelle 
Vitesse  de  panne  au  ddcollage 
Rapport  pouasde/poida 


Fineose  f  -  Cz/Cx 


Z  Hauteur  rouc/aol 

H  Rapport  Z/b 

b  Demi  envergure  de  I'aile 


A  -  ETUIi;  It:  L'EFFET  IE  SCL  AU  CEAI 


I  -  fEBCERS  MWENS  OTTLISE!^  AU  CEAT  RXB  L'lglUrF.  tE  L'EFaj  tE  SQL 

Les  premierg  esaais  d'effeC  de  aol  au  tunnel  aAro-h^drodynamlque  datent  da  1974.  Aupatavant,  daux 
aouCflarieo  du  CEAT  avaient  pcnnia  I'dcude  dc  I'influence  du  sol  sur  das  aArnnefs,  au  moyen  d'un 
plancher  rAglable  an  iMutetir.  II  s'agit  das  soufflerias  S  4  et  S  S,  (jit  se  sont  dAroulAes  les 
campagnes  suivantcs  : 

Soufflarie  S  4  Soufflecia  S  S 


06.74  I  It'sCfere  20 

I 

- 1 - 

07,76  I  Falcon  » 


I  Date  i 


IV  A 


I  05,54  I  Bfeg'jet  9/(0  I 

I  _ I _ I 

I  1  SE  212  I 

I  08.54  I  C  160  HstorisA  i 

I  I  I 

r_._i - 

I  1970  I  Mirage  G  01  I 

I _ l__  _  J 

rT96a  T  '  ■  ~  I 

I  W70  I  ISS  (Concorde)  I 

I  I 

I  ~1 

I  03. 70  I  VAlccKi 

I  I 

i - 1 - 

I  05, 74  I  Jaguar 


On  volt  bien  qa'4  psrtir  de  W76,  lea  easaia  d'effet  de  acl  out  AtA  iiitenonixia  ilajia  cea  aMiil’lerlua 
poor  Stre  tranaf&Ae  au  Tunnel  <>ui  dAjA  A  I'Apcxnie,  serable  ?tre  conuidArA  ccnme  le  site  le  inieioc 
adaptd  pour  ce  type  d'essai,  et  ce,  nulgrd  1 'utilisation  d'une  plate-fonic  nue  par  tui  rdacteur  ATAK  8 
(induisaiit  d'iioportantos  perturbstions  aSrodynuniiques). 


2  -  LE  TlWCL  AERO-tgaOaftamQlE  CiaH) 


2.1  -  Deacription  Cplanche  1) 

Le  tunnel  a  ^t^  construit  entre  1947  et  1952,  et  Aait  destinfi  &  I'^tude  de  car&ies 
d'tv^avians. 

C'eat  tn  tube  horizontal  en  bdton  prdcontraint  d‘une  longueur  de  1200  mfitrea,  au  fond  du- 
quel  eat  altud  un  bassin  de  5,60  m  de  large  par  3  m  de  profondeur. 

La  mine  d'air  pratiquunenr  seuii-circulaire  (S  ~  25  m^)  eat  fi'noSe  i  sea  deux  extr&dtda 
pour  assurer  I'innobilitd  de  I'dcoulenent. 

L'enaenble  eat  recoumrt  d'un  rea[blai  de  terre  pemetcant  une  regulation  naturelle  de  la 
tenp&'ature. 

Dc  part  et  d'autre  du  bassin  ait  6t6  diapoads  des  rails  sur  toute  sa  longueur  (dcartemenl 
6  m).  Ils  ont  la  pertioilaritd  d'dpouser  La  courbure  terrestre  de  fapon  d  maintenir  les  muquettes  b 
hauteur  constante  par  rapport  au  plan  d'eau. 


2.2  -■  Intdrgt  des  mesurea  d'elfet  de  sol  au  TAH 

Le  fait  que  la  saquette  se  ddplace  dans  la  mine  d'air  inniobile  eat  le  principal  avanUige 
du  tuiuiel  par  ra(jport  aux  autres  souffleries.  L'essai  est  beaucoup  plus  reprdseiitatiC  puisque  c'esc 
bieti  I'avicn  qui  ae  ddplace  en  r&licd,  et  d’autre  part,  qu'il  n'y  a  pas  d'apparition  de  cooche 
Umite  parasite  prb.'i  de  la  surface  de  i'eau,  ce  qui  n'eat  pas  le  css  sur  les  planchers  siimlant  Jo 
sol  en  soufflerie. 

bnfin,  le  taux  d>  turbulence  relevd  dana  le  tuiuvl  lots  de  ties  b  40  nv's  est  ini'drieur  b 
celui  des  souffleries  en  gdiidral. 

II  faut  uoter  que  le  plan  d'eau  est  iuddforuable  et  les  turbulences  iiiduites  par  le  nuo- 
veoent  du  ciiariot  ndgligeables  lorsque  l.i  maquette  est  situde  suff isaimient  en  annnt  de  lu  platc-fonie 
d'essai  (3  m  ndninuni). 


3  -  lA  HATE-lXlWt:  A  WJILUR  LIHAIKECPWL) 


3. 1  -  Description  -  perforaances  'plancls;  2) 

Ls  plate-tonne  actuelle  qui  pennit  de  ddplacer  la  losquette  b  grsiide  vitesse  a  dtd  niiae  en 
service  su  tunnel  en  1979  poor  remplacer  I'auciemie  plate-fonne  b  rdacteur,  difficile  b  piloter  i  i 
Lrop  bruyante. 

Sa  propulsiai  est  sasurde  p«r  un  raotour  triphasd  asyiicliioue  b  iiidui  Lion  liueaire  dont  I'iii- 
ducteur  en  forme  de  U  est  fixd  sur  la  structure  du  fuseau  droit  de  la  platc-fuinii. 
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Lea  montagea  cl'esaais  viennent  a<  fixer  aur  la  poutre  avant  et  aur  une  palette  alv&ilaire 
aitufe  au  centre  de  la  plate  -fonue.  Pour  lea  eaaais  adrodynaniquea,  la  platc-fonne  eat  A)ijip<Se  de 
cardnagea  et  de  plaiichera  canaliaant  imeiix  1 'dcoalenient. 

La  plate-fome  d'une  nasae  i  vide  dc  12,5  tonnes  atteinr  la  vitesac  de  40  ti/s  au  bout  de 
200  nAtrea  (pouaade  du  raoteiar  ;  6000  daN). 

La  adqueuce  du  Cir  eat  la  auivanti:  : 


IEAJiI£mLBEJ}:Uli_XlR-A_4Qr:lZii 


3.2  -  Hititorique  "et'fet  de  aol'* 


Aittieime  plflCe-fonne  d  rtfacteur  Plate-fonne  i  noteur  lin&iire 


r 

1 

Date 

T 

1 

Avion 

I 

1  Date  1 

1  1 

Avion 

i 

1 

04.74 

1 

1 

1 

Hira^  2000 

1 

1 

1  1 

1  12.82  1 

1  1 

A.C.T. 

1 

1 

1 

T 

1  1 

■~1 

02.75 

1 

1 

Mirage  G  01 

1 

1 

1  04.83  1 

1  1 

Kalcoi)  900 

1 

1 

1 

T 

1 

rosTaTT 

Falcon  10 

03.76 

Mirage  G  01 

1 

1 

1  1 

1  01.84  1 

Falcco  20  K 
F.G.F. 

1 

1 

1 

T 

1  1 

1 

03.77 

1 

Mirage  2000 

1 

i  12.85  1 

1 

1 

1 

1  04.86  1 

Ralale  A 

1 

T 

M/flL&re  50 

1 

1  1 

1 

09.77 

1 

1 

Mirage  2000 

1 

1 

1  1 

1  02.88  1 

Raiale  A 

1 

1 

I  1 

1 

4  -  Hums  "unvr  dk  soc." 


4.1  -  ^fantaB^^  wi  potence  (plamilf  3) 

C'est  le  ptuoiier  ucnlage  i&]Ua£  au  tunnal  eC  I'ix^  au  depart  sur  I'aiicieiinq  plate-fomi.' .  II 
pqrwt:  da  poaitioiuiaL'  U  maqtietle  3  mitres  eii  anixit  du  bord  d'attaquo  de  la  I'M..  Un  mSt  vertical 
reprend  celle-ci  (unsae  nHa.!  :  100  kgj  par  I'extrados, 

0(K  glissiftre  verticale  de  course  700  inn  iwnnet  de  rdgler  la  liauteur  de  hi  raqisiLte,  son 
ddbattemunt  en  iiicidenct!  fitanC  essurd  par  un  vdrin  hydraulique. 

4.2  -  Montage  en  dard  (plaitclie  4) 

Ce  nuiitage  a  dcd  rdalisd  en  1984  et  validd  juste  avant  le  passage  du  'Ilatale  A"  en  1983. 

La  maqiiette  est  iuoiit&  en  anunt  de  la  P.M.L.  S  I'extrAnitd  d'lai  dard  venant  en  prolonguiiant 
du  toontage  principal.  Ce  inontage  pieriiiet  d'dtudier  I'el'fet  de  sol  (5  V  =  40  m/a)  aur  des  iraqin-lCea  de 
moyeniles  dimensions  (nnsse  naxi  :  100  kg).  Le  montage  eat  conacitud  par  tui  niflt  do  4,5  m  de  long  plac<5 
ell  araont  de  la  plate-fomH  d'essai.  Son  deplacenent  auivaiit  nn  arc  i;  ■tele  permet  un  dcoattHnient  en 
incidence  de  22“  pendant  les  10  secondes  quc  dure  le  palier  de  vitesse.  L'ensenible  est  montd  sur  un 
support  i  glissi&re  verticale  de  course  1  520  nni,  la  hauteur  imxinale  .itteiiite  dcant  suffisante  pour 
placer  la  maquette  en  position  ')iors  eftet  de  sol"  et  peo  .'tLre  le  recoujxnisit  avec  les  essais 
rdalisfa  en  soufflerie. 


Le  ncntage  d'origiite  a  6C.6  rnodifif  du  fafon  ft  isoler  le  dard  des  accdldrations  ^rasites 
la  IHi  suivaot  I'axe  Y  (dues  au  ddpoi't  du  moteur  llndaire).  L'ensmblf*  repoae  sur  la  poutre  avant 
la  Ml  par  1 '  intemddiaire  d'un  bloc  qiii  autoriae  un  pivolesEnC  en  lacec  et  un  ddplaceoent  suivant 
I'oxK  Y.  Cea  ddplacaaenCa  aarit  liniltda  par  uc  syscftme  auortisseur  rdgld  lurs  tie  la  mi.se  en  service  ilf 
ce  ddcouplcur. 

A  I'arriftre,  le  nuntage  eat:  en  appui  aur  une  plaque  ft  billea  par  1 ' inlerm&liaire  d'un 
dtrier  supfxsrC  de  fapon  ft  verrouiller  1 'ensemble  en  Cangatjie  tout,  en  laisoant  libres  lea  displacements 
auivanc  I'axe  Y. 


4.3  -  Canwraison 


1  Potence 

1 

1  Dard 

1 

1  Obeervationa  ) 

i  1 

1  Position  miiuette/  I 

1  bard  d'attaquc  1 

i  1 

1  1 

3  m 

1  4,2m 

1 

1 

1 

1  Piatiquement  paa  de  perturbations  avec  I 
i  le  montage  dard  (d'aprftn  dtude  dcoule-  | 

1  Qent  anent  PM.).  1 

1  1 

1  Ddbatteuent  1 

1  incidence  (")  1 

1  1 

22“ 

1  22“ 

1 

i 

1  Esaais  oeulement  effectuda  ft  ddrapage  I 

1  fixe  (0“,  5“,  10"  ,  20“)  | 

1  1 

1  Courae  glisaiftre  | 

1  vecticale  (taa)  1 

1  1 

1  1 

700 

TTwo 

1 

1 

1 

1  Course  du  montage  en  dard  auffiaante  1 

1  pour  toutea  lea  Itauteurs  (pas  de  I 

1  variation  de  niveau  d'eau)  | 

1  1 

1  Poida  nnxinum  1 

1  naquette  (kg)  ! 

1  1 

1  1 

1  1 

1  1 

!  i 

100  1  100  1  Un  autre  montage  aaia  M.  existe  pour  1 

1  1  lea  groeses  osquettea,  amiB  problities  | 

i  1  de  corrections  iii|>ortanta .  I 

1  1  Pad  besoin  de  correction  ck  peroi  ou  I 

1  1  de  blocage  avec  lea  deux  montages  | 

1  1  prdsentds  dans  le  document.  | 

1  1  1 

5  -  teSUKES 


5.1  -  Typea  de  meaurea 

Lea  meaurea  auivanCee  aonC  eltecCudea  ft  clwque  easai  ; 

-  Lea  6  efforts  adrodytanniques  X,  Y,  Z,  L,  H,  N. 

-  L'incidorce  naquetCe  . 

"  Lea  acoSldrations  longitudinales  et  tranaveraales,  et  |fy. 

-  Lea  presaiono  djriMmiquea  ineaurdea  par  deux  pitots  pemectant  de  ddtenniner  la  pression 
dynaniquu  au  niveau  de  la  maquette  (cf  paragiapiK  6.1). 

-  La  vitease  du  chariot. 
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S.2  -  Qiatne  Je  mesurea  jctuelle  (planche  5) 

L'scqiiisition  den  mesuros  eat  effectu^  par  une  chatn*  de  C^l^neaure  nradriqiia,  ai 
uudulacion  par  infulsions  coidea  (MCC  on  PCX)  <kn£  le  fonctionneniaiit  ach&HiCique  est  le  suivan2  ; 

Sur  la  pLnte-fonue  lea  signaux  iaaua  dea  dift'dreiita  captenra  aont  condicionlda  filtr^a  k 
2  Hz,  puis  atm^fa  aur  on  nuUiplexeur  uodeur  A  I'oruat  Cixn  qui  ^labore  tin  lueaso^  rrindrique  adrie 
ctsfnsd  dee  valeurs  coddea  aur  12  bica  (32  voiea  naxi,  cadence  maxi  :  1,3  kHz). 

le  laeaaage  adrie  ainai  t'ormd  eat  aloca  tranamiu  par  un  &n>tteur  VH}',  lau  anteiaie  el:  un 
cdble  raycxuianl:  vera  la  alation  sol.  Qana  la  aalle  de  neaure,  un  rdcepCeui  restitue  le  neaaag^ 
rundrique  CCM  qui  eat,  done  Cous  lea  caa,  aauvegardd  aiu'  bande  iiagnetique. 

Lea  sisaurea  aont  par  ailleura  atockdea  am  uiu;  laiitd  de  distjue  (aoua  luin?  lumdrique )  et 
reacitudea  aoua  forme  analogique  pour  viaualiaatioii  eii  taips  rdel  aur  eiirexistnair  grapbique  (valida¬ 
tion  partielle  du  tir). 

Un  premier  traiteoaait  local  penttt  de  ntyeinvr  lea  ficliieia  m'aurea  nvaiit  traniaainsiiai  vi’i'a 
le  centre  de  calcul  du  CSdT. 


5,3  Premiera  dldnienta  d'exploitatirai 

Lea  courbea  claaaiqikia  C2  *  1  (t^)  i  “  1  (Cg  )  !  “  1  (Cm)  aont  Byattiiiitiiiiieiir'ni 

foumies  au  client. 

Pour  dea  conf igurat iona  de  ddrapage,  de  gituchiaaumeiil  nl  de  drapeuu  lea  courbea  Ly  ■*  1  (ik)  ; 
C,)  •  f  (pt)  ;  Cl  ■  f  (fi)  8on(  dfsalenicnt  foumies.  Toutefoii:  cea  coefficients  ii'mil  pas  dtd  dtudids 
pour  lea  uaaais  d'aviuna  civila. 

Toutes  ces  courbea  aont  accunipagiidca  de  leura  listings  iV-  idauUata  cattponanl  L's 
conditione  d'eaaaia  et  dea  prdciniona  aur  lea  calcnls,  Iv>ii  giisipagivt  sisil  lixjniis  ennuite  b  la 
denaiide  du  client. 


6  -  ESSdIS  D'QW  UK 


6.1  -  Campagne  prdlimiiviire  (pUixtlk;  6) 

Uik!  caiifiagiK'  d'ioentification  d'  la  veils*  (saiia  imqik'tli*)  a  dtd  eflectude  pair  clunim- 

montage. 

La  preasion  dynaraiqix!  A*  la  uaqixjlte  (Qj,iw<l)  est  tiKiniie  [wr  quatro  pitots  diapoads  au 
niveau  de  la  naquette. 


Un  pitot  suppldnentaire  fouinit  La  preaai^xl  dynwinique  de  rdfdreocr;  (Q^rdf). 


l.’identificat ion  consiste  d'abord  ^  d^temaiier  le  coefttcient  de  veiiie  R\j 

fooctioii  dt?  la  hauciiur  maqunttc  Tplanohe  7). 

La  dcuxi^^  partie  do  la  can^iagitr  de  d^teniuiier  I’aaceiMiance  A»C 

lu'veau  de  la  naqu^^ttn  en  fonctiai  de  la  hauteur  de  celle-ci  Cplandie  7). 


*  en 

Qor^f 

de  I'dcoulen^t  au 


6.7  “  Deacription  dea  esaaiK 

Lea  cainwgue.s  d6lxil:ent  Coujoury  par  den  essais  de  rectHiixiimnt  i!i  hauteur  yuppoHi^e  int'inie 
pour  valid^r  le  nonca^  et  lou  iruBures. 

Chaque  tir  o^riiporte  tnic  priae  de  maquette  k  iiicfdeiK’.e  nuUe,  pmiy  uiu?  polaive  de 

^‘avic^,  plate-torme  arr5tdif,  idt'iitiq'-te  k  la  polaire  dc^  I'osaal,  enfin  la  jwlaire  propriminL  dite  « 
viteuae  stabilliidc. 


B  -  tiXPLOrrATlON  IfclS  RESULTATS 


ECfet  d«  Bol  EALQOW  900 


Noua  pr^aentoiis  ici  uik>  dfuck*  <ie  I’etfel  dc  uol  eif«»:tu<5e  aur  luje  iruqtwqj.e  de  l*avk»ii  d'at'faire 
KALCCX^  900  au  1/10  au  basBin  tiydrodyiuimlqui!  du  OAT  dc*  loulouae. 

La  nciqik’tLe  e^it  L'ixde  Bui*  uii  civirioL  qiit  ae  ddpUice  i)  V  -  4U  nv's.  Au  cotir.s  den  essain  I'iiiuidence. 
avion  varie  de  -  i  TO**,  A  cluque  esuai  on  lait  verier  l*aUitude  de  I'avion,  c'est-^-dire  la 

hauteur  de  la  rou  Ju  train  pi'inci[Mil  par  rapport  au  plan  d'euu,  =  1,')78  k  OjOll  (b  dmi 

ejiverguro  de  I'nilc), 

I'fous  avoJiM  ^Ludi5  les  contigurnt iortH  lie  dik:uUage  d'aCLerrianagi*.  PliLsionrs  UaqiuiHe.s  (k‘  la 
gixivenx.*  tie  protoiideui-  j  m  out  rdaliads  dans  le  but  d'obteiur  le-s  courb^'a  t5qiiilil)r(5e.s. 

Description  dt;  l^avion 

Le  Falcon  SXX>  esc  lui  avion  d'atT’aire  '-ri-rdacCeurs  k  aile  basne  dout  la  Iwuieur  de  I’ailo  i>ir  rapport 
au  sol  au  roulagii  est  de  2  =  1,HX)  in  h  1 '(siq^lanture  tl  Je  1,300  m  h  I'vxtiAiutJ?.  L'l.iiverguro  tk* 

I'alle  esc  di*  19,30U  m  et  la  longuem'  tuselagi?  de  19,700  n..  L'allffli^iUL’OL  esl  A  ~  7,66.  Ui  f  JA:lk»  nii 

bord  d'actaque  interiK  etJt  ^  *  35°  eC  21°  dans  la  puttie  externe. 

Lea  vuea  de  protil  et  de  lace  oont  repri5sent4]s  sur  la  plaiKlk?  d. 


Etuii>  des  r^ltats 


L'exanen  des  bruts  permit  de  £aire  les  renBr<iues  suivsntes  ; 

Quand  I'sviai  ae  rapprodip  de  sol, 

les  Cz  **  f  se  d^lacent  vers  la  gauche 

-  le  de  d4crod)age  ditaimte  (plaoche  9) 

-  le  Buaent  longitudinal  piqueur  aug|iic:nre  (,^laiv:he  10) 

Les  essais  eftectu^  ^  diff^rents  braquagea  de  la  gtXA^me  de  profondk?ur  penvttent  de  c:alculer  lea 
courbes  4quilibr4ea  suivantes  t 

-  Cz  **  f  C*^)  ^in  ■  f  CCz)  Finesse  *  f  (Cz)  Polaire  ■  f  (Cz) 

Consid^rons  les  Cz  dquiltbr^  : 

A  I'^uilibre  et  sutvant  la  configuration  la  perte  de  Cz  imxi  est  de  I'ordre  de  12  A  14  Z  ;  la 
diminution  de  I'incidence  de  d^rochage  ^tant  de  S  A  6°.  Au  Cz  d'utilisstion  corrpspondant  A  VS 
ou  1,3  V'S  I'effet  de  sol  d^place  vers  la  gauche  les  incidwKes  de  -  2  A  -  2,5®  ;  soit  pour  une  inci- 
ck>nce  donn^  ^ine  augmentat  ion  dp  Cz  de  l*ordre  de  20  pc  Ints  (planche  H). 

Dans  iVflet  de  sol  la  vitesse  d^^rochage  augtnente  jusqu'A  : 

vs'/vs  -V  CZ/C?/  Hoit  environ  »)  Z. 


Gouveme<ftti  d’Aquilibre 

Oarid  La  ^  nfiguracion  dAcollag^  A  1,2  on  voit  qup  l*effct  de  sol  conduit  A  une  position  de 
gpuveme  plus  A  cabrer  d'environ  •  **  pour  ^uilibrer  l*avion,  ceci  dtant  dO  au  ncnent  piqueur 
qui  appBfait  au  voisinage  di  sol  (platxhe  12). 


Finesse 

La  line  aignc^nie  c(ai.si  >^rabl<9iipnt  dans  I'ettet  de  sul,  A  1,2  VS  au  d^olLagi*  ai  iiiAe  lai  gein  de 
I'ordre  de  75  Z.  A  tit  re  d'ejienvl*'  i  coirespdid  A  une  aujgvnt  at  xor.  de  pentp  Mtsbilisue  de  3*  pour 
L/n  Tt /p  =  0,2  (platxln-  lU. 


2II-I.1 


Tratnfe 


Diairurion  iis|x>rtant:e  de  I'ordre  de  45  Z  de  la  tratnfe  %  1,2  VS  dans  la  conl'iguration  d&;ollage 
(plcnche  14). 

On  volt  dxic  I'ioiportance  de  I'effet  de  aol  aur  la  modificaticn  de  certains  coefficients  adrodymai- 
ques  qui  caractdriaent  la  stability  longitudlnale  statique  et  les  perfomancas.  11  est  done  inpdratif 
d'appli<|uer  ces  variations  aux  bases  de  domdes  qii  servent  b  nnddliser  I'avion  dans  les  codes  de 
calcul  de  pet^onaance  et  de  siBilaCion  de  vol. 

A  titre  d’exaqile  lat  calcul  de  perfomance  au  ddcollage  effectud  au  poids  aaxi  avec  coupure  d'isi 
noceur  A  Vl  ■  115  Kr  nontre  que  I'effet  de  sol  fait  gagner  2  secavits  sur  le  passage  des  35  Ft,  sole 
isi  gain  de  distance  d'environ  130  mdtres. 


Sinulatejr  de  vol 


On  a  effectud  une  siiailitian  de  ddcollage  avec  et  aans  effet  de  sol  A  partir  de  VR  en  suppoaant  que 
le  piloCe  affiche  la  oiSsa  loi  d'aasiette  dans  les  deux  cas.  On  volt  que  I'effet  de  sol  conduit  A  une 
loi  de  pilotage  assez  diffdrente  (planche  15).  Ues  dvolutions  de  Z  et  en  fonction  iLi  taipe 
figurent  sur  la  planche  16. 

Evoluti  a  des  profile  de  KP  dans  I'effet  de  sol 

II  est  intdressant  de  connattre  I'dvolutior.  dee  coefficients  de  pressicn  autour  d'lm  profil  voilure 
dans  I'effet  de  sol.  Nous  n'svons  pss  fsic  de  mesure  directe  au  hassin  hydrodynamique  de  loulousc, 
par  ronfre  noua  avons  effectud  un  calcul  d'adrodynunique  thdorique  par  la  ndthode  des  sinjpibiritds 
sur  I'avion  coavisl  nn  presence  de  La  piate  (planche  17).  Le  calcul  a  dtd  effectud  pour  une  incidence 
de  10  degrda  ha'a  effet  de  sol  et  avec  effet  dc  sol. 

Le  csloul  dotxie  la  rdpartition  de  preaaion  sur  I'svion  cosiplet  et  sur  la  piste,  ce  qui  perraet  date  de 
connatcre  I'dvolution  des  KF  dons  n'ioporte  quel  profil  voilure  ou  enfiennage.  Dans  le  profil  voilure 
figurant  but  U  planche  IS,  on  volt  que  I'effet  de  ool  augsente  la  surpression  sur  tout  I'intrados, 
et  La  ddpression  dsns  la  partie  avant  du  profil.  On  a  la  nftie  chose  sur  I'engennsge  horizontal. 

Ce  calcul  uenCre  bien  1 'augsentation  de  portance  A  incidence  domde  dans  I'effet  de  sol  et 
1 'existence  d'un  ouraent  piqueur  dQ  au  bras  de  levicr  de  I'engennage  horizontal.  La  diminution  de 
trstnde  est  due  A  1 'sugsentaticin  de  la  succion  de  bord  d'attaqne. 

11  esc  intdresssnC  de  coonattro  la  eontrlbutitxi  de  chaqiie  flAn*nt  de  I'avion  dans  len  gains  de  Cz  et 


de  moment 

Fuselage 

Deles 

Cz  -  30  Z 

Delta 

On  -  -  17  Z 

Voilure 

II 

45  Z 

fl 

-  19  Z 

£sgennage 

II 

24  Z 

(1 

+  134  Z 

Hits 

If 

1  Z 

M 

+  2  * 

Total 

Delta 

Cz  -  0. 172 

Delta 

Cm  -  -  0.06 

2(»-U 


Ce»  r^Miltats  de  calculs  thiorlques  sont  tout  h.  £aic  coh^^iUs  avec  les  r^sullata  des  essais 
effectu&d  au  baasin  ti^'drodynamiqLie  du  CS^T. 

On  peuC  expUquer  I*utfet  df%  sol  an  disant  (fie  loraque  I'alle  $e  irappioche  da  aol,  la  reduction  du 
dSbit  entre  I'allc  et  la  piste  ccnduit  d  utk  au^intation  de  pression  h  I'intrados  ec  d  un  recul  du 
point  d'arrft  ce  qui  encratne  un  accroisaen^t  de  la  circuLatioti  autour  ckt  profil  se  traduisant 
dgalaoant  par  une  augmentation  de  la  depression  ^  I'extradoa. 

Sur  la  plaiiclie  19  on  a  visualise  la  repartition  de  {ireaaion  sur  I'enaeroble  de  I'avicxi  et  sur  la  piste 
pour  On  ■  10**  ec  Z  0.  On  ranaiqiie  L*eLaidue  de  la  plage  de  mirpression  qui  s’^tend  en  amont  de  la 
pointe  avant  du  fuselage.  On  note  Element  la  trace  des  tourbilLons  mrginaux  d'extr^t^  voilure 
sur  la  piste.. 


Conclusioii 


L'lltude  de  I'efi'et  de  sol  a  loontr^  iMcportance  de  La  variation  de  certains  coefficients  a&rodynami'- 
quea  quaiid  l'avi(»  ae  rappr(xhe  du  sol  jusqi. I’inpact.  Ces  variations  de  paraio^rc  uxiifient 
consid^rabloaent  le  coaopextentent  et  lea  perforoances  tfe  I'avion  au  voisinage  du  sol. 

II  est  ckxk:  essentiel  d*introduire  les  corrections  n^esaaires  en  fonctioo  de  L'liKidcnce  et  ck 
I'sititiide  avion  dans  les  ocid^les  nuth^oatiqueo  utiliada  pour  les  codes  de  calcnil  et  lee  sinulateurs 
vol,  at  in  de  se  rapprocher  au  mieux  des  perfonmnees  et  cpialiti^s  de.  vol  au  d^collage  k 
I'atterrlssage. 
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SUMMARY 

A  p'scarcli  program  ih  uiidorwiiy  aL  tin-  NASA  Langtry  Ilcsearcti  Center  to  study  tiu*  effect  of  rate  of  dr.scrnt  on  gioniul 
effects.  A  series  of  powered  jiiudi'l.s  liave  been  tested  in  tin*  Vortex  Heseurch  lOifility  uinler  eondition.s  witli  rate  of  ilesreiit 
and  in  tiie  14-  by  22-Fuot  Sutjsonic  I'unuHl  under  nientiea)  eonditioUK  but  without  rate  of  descent.  I'liest*  re.sitUs  indicate 
tl>  I  rate  of  descent  can  liavc  a  aignifieant  inipaid  on  groumt  effects  |Kuii(-iilarly  if  vectored  or  r<‘verHe<l  thrnsl  if,  iisc-tl. 

SYMBOLS 

1)  wing  span,  ft 

CjL  lift  eoelHcient,  lift/qowS 

cooffieient  out  of  ground  effect 
h  Iteight  above  ground  plane,  ft 

h  time  rate  of  cl\ange  of  lieight  abov<-  ;',roiuid  plane,  dli/dt.  ft/sec 

MAC  mean  Aerodynamic  Chord,  ft 

NLU  nozzle  Pressure  Ratio,  I’t/l’cx- 

Vt  nozzle  total  jircssiire,  psi 

Poe  froestreHin  Htatie  prrssure,  p.si 

i|,v  fre.esueaiu  ilynaiiiic  proHBUre,  l/'ipV'n,..* 

S  wing  area,  ft'^ 

V^,  freestreani  velocity,  ft/sec 

(I  angle  of  attack,  deg 

i/(j  aiiernii  lieflectioii,  deg 

dr  canal  d  detlcction,  deg 

df  flap  deflection,  (leg 

df^  liorizoiital  tail  deHe«-ti(in,  deg 

dj  nozzle  vertor  angle,  deg 

U  pitch  altitude,  deg 

7  flight  patli  lioz/.le,  iteg 

p  density,  iduga/ft‘^ 

INTRODUOION 


Future  figliter/uttack  aircraft  will  Hliiicwt  certainly  um*  soihi-  form  of  llini.sl  vectoring  to  achieve  eniiaiu  ed  Inkeoif  and 
lauding  perforinaiK  e.  Additiuiuilly,  reducing  llte  gn  niui  lol)  aher  landing  will  ic(|iiiie  the  um-  of  reveriietl  tlinist.  Studies 
have  nhuwn  that,  fci  liir.ist  reveising  tu  be  most  effective,  the  ciigiii  n  must  be  at  a  high  jHiwer  setting  at  tcnididow’ti  so  that 
reverse  thrust  luuy  be  applied  iinmediutcly  without  wailing  for  eiigiiu  spool-iip.  The  I'oiiliguration  aerudynumit  s  iuisociatiHl 
with  the  forward  directed  ettiuy  of  reveisers  will  almost  certainly  be  seiiaitivt'  to  ground  eifect.  Atciirate  prcdution  of  tliewe 
effects  is  nut  always  possible  in  wind  tunnels,  because  tin*  eifecU  of  powrei.  Hour  buiindary  layer,  ami  rate  of  ilescein  may  lUit 
be  propejly  included. 

CoiisideratiuiiK  uf  ground  effects  determined  from  wind  tiiiinel  lesta  mid  Higlit  test  (Ueference  1)  iiidie.\t(*  tlml  transient 
effects  whjrh  occur  in  flight  are  not  considered  in  typical  wind  tiiiiiu-l  ground  effirts  ti'stiiig  In  particular.  convF'nti<mai  wind 
tunnel  ground-effects  tests  (thal  is,  (..iie-.rveragrNl  tests  of  n  iitatioiiaiy  model  at  various  ground  heights)  actually  siiiiulute 
an  aircraft  Hyitig  near  the  ground  at  a  ronstunt  altitiuh*  rathiT  th'sii  an  aircraft  tlcFf  ending  thmugli  a  giv«>n  altitude,  as 


t|i«'  ciisi*  io  approach  and  huidirij?.  As  shown  in  Figure  i.  hi^W  lust  results  uf  an  XI)-70  in  [jroand  ofTe<-t  iiulirat'*d  less 
lift  iucrciist'  duniiK  ai)ptoa<'h  than  was  pnMlielod  on  tlie  hiisis  of  wind  tiiaiiel  testing.  Dyiianiie  testing  c)f  an  XL>-7U  niodel 
(Reference  2)  deterniliied  that  ground-effect  clmrju'teristua  nuNwured  so  as  to  include  the  effects  of  ntte  of  tlesceiit  match  tin* 
{light  test  results  inudi  better  than  liie  cunveiitional  wind  tunnid  data,  ;u>  ran  be  seen  in  Figure  1.  Otiier  flight  ti’-st  resiiUs 
usinK  Coiicurtio  (Reference  d)  showed  that  constant-altitude,  low-level  ilight  results  agreed  very  well  witli  the  ground  effects 
predicted  by  wind  tinmel  tests. 

Another  stimulus  to  do  ground-effects  testing  witli  a  moving  model  arose  from  a  generic  thrust  leverser  study,  rt'portcd 
ill  Kef»»reuce  4.  During  the  study,  the  thrust-reverscr  How  field  generated  undesirable  ground  elh-ctH  such  its  a  severe  lift  loss 
and  large  lolling  lUoiaeiiis  at  ground  lieiglit.s  above  wheel  luuclidowii.  Qui^tioiin  aru(»<'  as  to  whether  the  effirts  measured 
in  these  cuiiV''iitional  atatie  wind  tunnel  tests  would  be  encounterts]  during  an  lU'tinil  approach.  I'lial  is,  would  th«>  flow 
Held  develop  fully  and  interfere  with  the  aircraft  in  the  shoti  tiiiic  the  aircraft  w.is  in  gmiiiul  efhvt,  or  would  the  .lircraft 
ily  through  (or  ahead  of)  thi*  How  field  and  laud  liofore  tlu'  ground  <‘(inld  iiave  a  sigiiirn  aiit  eifect  ou  tlu'  configuratioirs 
aeroflyruunii*  eluir.'tiierislics? 

Figure  2  shoW'K  sonie  of  tlie  dill'ereiiee.s  lietwecn  conveiitiuiial  static  wind  tuitael  ground  effect  te.Hting  and  tcsliiig  witli 
a  moving  model.  In  the  Hlatie  teehniciue,  ;i  inodi'l  is  .set  at  a  l<x<‘d  height  above  the  groiilitl  plane,  the  How  held  devehtps 
to  a  Nti'iuly-slutc  comlilioii,  tlieii  tlie  aerudyiiainic  characi eristics  are  measured.  ‘I'lie  moving  model  method  nieasiire.s  the 
aerodyuniiiie  eiiai.u  teristii's  of  till'  model  with  tlu'  How  Held  in  a  dynainic  state  similar  to  eoniiitioiiH  eneonjitered  during 
an  actual  approach-  On  a  iiorinal  ajiproarh  without  tlirnst  reversers  upeiatiiig.  tlii>  <litfer(UiceH  may  havi'  lilth'  effect  on 
tli(‘  mcasurcil  aerodyiminic  cliaracteristics,  but  the  plumes  cieated  by  forward  blowing  jets  at  low  ground  lieight.s  will  reie.t 
ditferently  to  the  two  test  coiiditiuns.  I’liis  eaii  fesuU  in  a  substantial  <lilferenc<*  in  ineasurctl  iUTudytiainics  between  the  two 
teiiuiiipH'.s.  Nut  only  are  the  plume  dynamics  different  in  tlie  two  iiietluMls  of  tt'.sliiig,  but  lii4>y  alsi*  diifcr  geouietrirally-  U 
both  iiietliods  aie  U.sed  to  lest  a  model  at  a  given  angh'  of  attack.  tii<‘  moving  model  will  be  set  at  a  lower  angle  of  incidence 
to  the  gi'ouiKl  hoaid  (redui'ed  by  the  .siniiiiali'd  glide  path  .angle),  lids  changes  the  impiiigi-iiient  angle  of  the  jet  on  the 
ground  plane,  resulting  in  distinctly  dilferent  plume.s. 

A.s  a  ic.siill  of  euiicern  over  the  iiifonnation  gat  ltd  e<]  in  the  above  slndh.s.  and  the  known  sensitivity  of  powered  models 
to  ground  lioundary-lciyei  uiodeliiig,  it  .appeared  tliat  ('oiivetiLional  gromid-etlect  li.stiiig  l(*(imiqnes  should  be  reevaln.aled. 
iiii'  main  einpliash  in  the  pn'seiit  .study  wils  to  ih'termiiie  the  ^ifects  of  sink  rate  by  conipnring  the  results  of  enrrenl  static 
ti'.stiiig  methods  with  results  from  h  <)ynainic  procedure  in  whieh  a  model  would  be  moved  toward  an  meliited  ground  plane  to 
KMiailali'  rate  oi  desceut.  A  second  pnipose  of  the  .study  wiwi  to  evaluate  the  ncisl  foi  issing  a  movnig-beli  giouiul  plane  wlien 
te.stiiig  niodel.s  with  (hnisl  reverser.s  In  wind  tunnels,  hleidical  models  and  .support  Kysleiiis  were  tested  in  l>oth  the  NASA 
l,.'ing|ev  14-  by  22  Fool  Subsonic  ■fniiiK'l  and  the  NASA  I.angley  Voile*  Ib-seaieb  Faeilily  (VKF)  to  miliiini/i*  any  l•(f^rts 
of  ii.sjug  ililleieiii  hardware  in  the  (wu  tests,  i'he  14-  by  22>Fout  Subsonic  'niiinel  war.  used  for  the  .slalie  lesting  ber.mse  it 
hiUi  both  a  buundaiy- layer  removal  system  and  a  iijoving-belt  groimd  plane.  This  paper  iuenents  (In'  detail.s  of  (be  dyiiamie 
testiiig  leelmiqne  and  provides  all  u.s.s«'sMiieiit  of  the  ell'eets  of  l>otb  the  moving-bell  ground  plane  and  tin'  iiiovIng-moiUi 
In  Inii'jite  as  they  iiiiluenee  the  devi'lopmelil  of  aerodyioiliiie  ground  effeets. 

iiiroughoni  tliis  pai'er,  tlie  term  "slatie”  riier.s  Ui  re.siills  obtained  in  the  M  by  22-Foo(  Sulismiie  hnmel  with  a 
Hfjitiohary  inuilel;  "dyiiamie'’  refers  to  results  obtained  hi  the  VKF  while  tin*  model  w-xs  moving  over  the  im  liiied  porfimi  of 
tin*  gr<juud  board  to  sininlate  rate  of  descent;  ainl  “sternly  slate*'  refers  (o  the  re.Hiilt.s  tibtalned  in  the  VHF  while  the  modi') 
was  moving  at  a  tlxed  hi'ight  <iver  tlie  level  jiortioii  of  th<'  gnnind  boaitl. 

MOUKL  DKSCKIin^ION 

iiiiee  niodel.s  weie  tested  in  (bis  study:  a  generu  Hat  wing  planfoiio  and  iwi>  eoiiiplele  coiiliguratiuiis.  I  lie  gein'ric 
iiiiiilel  w:is  a  6(1"  delt.a  wing  sbowii  in  figure  H.  I'be  othei  models  were  a  7-pereeni  Kcale  F  IH  iimilel  and  an  S  pereeni  scah' 
h'-l.')  SrOL  ainl  Maneuver  IVchnology  DeimmstraHa  model  (F-l:»  S/MlD)  .shown  in  ligutes  4  ami 

'I'ln-  wing  pl.u'birni  wju  nia<le  out  of  a  .'{/H-ineh  tliick  i  lear  aerylie  sheet  and  all  edges  writ  beveled  .sliaip  wiili  a  f.j" 
half  angle.  1  he  model  w.cs  snpportisi  by  a  Mix-coiiijnuient  straiii-gaUKe  IsUaiire  iiioiiiited  on  the  eenterline  of  the  model, 
h.'iwanl  of  the  trailing  edge.  Twti  non-niedU  jixiNynimetrie  jets  were  used  to  Hiiiinlate  rever.se  thrust  and  were  niouiiti d  at 
the  flailing  edge  to  exhaust  foiw'ard  at  u  45”  angle,  d’he  no//le  exists  were  om-  iiieli  Im*|ow  tin-  liiiiling  edge  of  the  wing  and 
were  spac  d  •}  hn  lic-s  apart.  Simple  eonvergi-iit  iioz/-le.s  were  uwd  and  are  detailed  in  ligure  <i. 

'I'lie  other  two  modt'ls  were  inoimted  on  a  sjx-('oni{Hment  Kt rain  gage  balanee  jii.sid«'  tin*  fuselage  and  wi'u  Htted  witli 
■idjiisialiii  li-iuiiiig-  miri  nailing-edge  flHf).s  and  lioriicoiitdl  stabilizei.  'I  he  F- 15  S/M  I'D  w;«s  ;Uso  fitted  with  a  mov.tble  canard. 
ib’Veise  i  In  u.st  siiniilalion  w;is  supplied  noil  liietrieullv  using  a  t  hurst  rev«’niei  hiiiini.it or  deseribi'ii  in  reference  4  and  ski-lehed 
ill  figme  7  rile  -siniul.ator  jirovideil  for  variability  in  both  lungitudinal  reveisei  angle  .-,nd  spbvy  angle  (the  .ingle  that  the  jels 
are  inclim-il  .spanwise). 

These  iiiodi'ls  were  tested  jit  .several  rates  of  dcMreni,  forward  Bpmls.  and  thrust  reveiser  .sittings.  I/yiiaiuic  ground 
effiH-t  teBtH  v.ere  cimducted  cm  all  threi-  models  in  the  VRF  and  the  GU®  delta  wing  and  the  F-18  were  tested  statically  ill 
the  Langiev  14-  by  22-Fooi  Subsonic  'I\iime|.  I'lu*  haute  sting  and  .'lir  ItucH  were  used  for  IkiiIi  st».tic  and  dynatnir  nesting  to 
iimimii^e  ditlerenc  es  in  tin*  supp«»rt  in\erferenc-e  effivls  betwoini  the  two  faeilitieK.  I'lie  F  10  S/MTD  model  wa«  not  lesteil 
in  tin*  14-  bv  22-FMot  .Sulisonic  TUimel.  However,  an  F-15  model  with  the  rolaling  vane  thnwl  rewruei  has  Infn  lestisl  in 
the  14-  by  22  j'ool  Siilisunic  l\imiel  (Etefereju  e  j)  and  other  F-l.*)  S/M'I’I)  iitodelh  have  been  lisaed  in  various  facilities.  This 
slalF  data  li.ise  has  beeu  used  in  this  paper  as  will  la*  diseus-snl  in  the  following  sections. 


TEST  FACILITIES  AND  FKOCEDUKES 


I'ht*  Vortex  Rracarch  I'licility  (figure  8)  at  the  Langley  ilesenrch  Center  wa»  inodititHi  for  the  proaeut  study  by  installing 
a  IDU-foot  long  ground  plane  aasembty  approximately  in  the  center  of  the  test  section.  The  inudels  were  suspended  on  a 
variable-length  strut  extending  fronj  the  hottoiii  of  tire  gasoUne-engine  powered  rart.  The  strut  supported  the  model,  flting, 
und  airline  aNseinbly  tt;  well  as  the  instrumentation.  It  also  provided  a  means  for  luliustiug  the  inininiuui  height  over  the 
level  portion  of  the  ground  board.  Angle  of  attack  was  changeii  by  pitching  the  entire  surut,  sting,  ajid  niudcl  assembly  at  the 
jioiiil  where  the  strut  was  attachetl  to  the  cart.  Velocity  was  controlled  by  &  cruise-control  system  on  the  cart.  Higli-pressure 
air  bottles  on  the  cart  provided  conrpiessed  air  for  the  jets. 

The  grouitd  board  consUted  of  two  jrarts:  a  ramp  which  was  inclined  upward  4*^  for  a  distance  of  100  feet,  followed  by 
a  horizontal  section  which  extended  fur  an  additional  50  feet.  As  tlic  model  muved  horizontally  ever  the  inclined  portion, 
the  height  of  the  model  above  the  ground  board  decreased,  thereby  Hiiiiulating  on  approach  along  a  glide  slope  of  4”.  Rate 
of  descent  was  dependent  on  the  test  velocity  as  giver,  by  the  equation: 

h  =  V'ootaii4®. 

After  moving  ocru&s  the  ramp,  the  model  passerl  over  the  horizontal  siH-tioii  to  siiimlute  rollout  or  cunstaiil  altitude  tiiglit 
(be*'  figure  9). 

In  the  VRF,  24  chuniiols  of  data  are  transmitted  from  the  cart  through  u  modulated  laser  to  a  pliutu  receptor  and  u 
niuas  sLurage  unit.  The  channels  are  .samplo<]  at  a  rate  uf  1 11  SAiiiplcs  per  second  fur  nearly  30  secondu.  The  duia  are  then 
I'uiivertod  to  engineering  units  using  an  HP-iUOO  A900  computer.  Krir  more  infoniiatiou  on  the  data  inquisition  ii:  the  VUl' 
HI*!;  lU'ferrjice  (i. 

The  static  ground  ctitriu  of  the  models  were  measured  ill  the  Langley  14-  by  22-Foot  Subsonic  'I'umicl,  which  has  u 
suctioii  ground  boundary-iuyer  u-inovul  system  and  a  relatively  large  lent  section  as  illustrated  in  figure  lU.  The  Souadary- 
liiyer  removal  system  ia  located  at  the  begiimiiig  uf  the  test  tu'ction  and  is  followed  by  a  inoviiig-bcll  gruuml  plane  ust'il  to 
minimize  houiidary-'uyer  development  in  tin*  teat  section.  The  modelp  were  supported  from  the  oft  bay  of  the  test  section  and 
extended  into  th<'  front  bay  ovci'  the  moving-belt  ground  plane.  Angle  of  attach  was  euntrolleti  by  pitching  the  sting  arouiul 
tin*  vertical  strut  and  height  was  (hanged  by  driving  tltc  entile  support  system  vinlically.  Angle  of  attack  was  measmed 
by  an  accelerometer  installed  on  the  model,  and  height  was  cuinpuled  from  readings  obtalnod  by  encoders  on  the  .support 
sy.^dem.  I’he  data  in  the  14-  by  22-Foot  3\iinic)  is  time  averaged  over  a  period  of  4  secoiel.s  for  each  data  point.  The  sample 
rate  is  5  samplen  per  aecoiid  resulting  in  20-8ample  averages. 

SPECIAL  COKKECnONS 

An  inherent  ^problem  with  moving-model  testing  U  that  model  ucceleiuligno  enueed  by  earl  and  strut  vibrations  will 
eoiitaminale  the  balHiu-e  Herudynamie  force  data  with  inertial  loads,  'riiese  loads  iiiiist  lx*  removed  from  tlie  balance  output 
to  identify  the  iUTodynamic  data  contained  in  the  balance  uutpiM.  The  ftlrul  and  emt  weie  therefore  instrumented  with 
several  acceloiometers  to  iii<--  ire  the  vertical  and  lateral  accelcialiMus  of  the  sting  and  the  verlieaj.  Inleral,  and  ioiigiliidm.'i] 
a.'eeleratioiiN  uf  the  carl  r.eai  t-le-  strut  coimectioii  point. 

As  a  first-order  approxiiimiiou  uf  the  inertial  loads,  the  iota)  mass  of  tlie  iiitMlel  and  all  mounting  Imidwaie  forwarfl  of 
rhe  Ixdance  strain  gauges  was  multiplied  by  the  measured  vertical  mcelciatioii  of  the  sting.  I'he  resulting  loads  WtTc  then 
nuhtracted  from  the  noniial  force  outputs  of  the  balance  to  olitain  the  aerodynaiiiic  normal  force  iu-ting  on  the  minlel.  These 
eorrectiofis  are  ciisdiNscd  in  detail  in  Kol'oreiice  7. 

KEhUMS 

rile  detailed  liisciishioii  of  the  data  olituiinv]  during  rhis  study  are  reported  in  itdereiici-s  7  through  12.  I'u  address  all 
three  cmifiKuratioiis  in  this  paper,  highlights  W'ii]  be  given  foi  eiu'li  configuration  illiistraiing  tlie  rlnu’octeri.sticN  delincd  dining 
the  testing.  I'hcse  charfu'teristics  were  prc.seiit  to  various  degrees  on  all  models  dtpiaiding  on  gcone.-lry,  tlirust  ('ondilioiis, 
;uig}e.s  of  attack,  and  rates  of  descent. 

Data  Ibi  tile  tiU'^  delta  wing  arc  presented  in  figures  ll  and  12  and  show  the  eoinpurison  lietw('<*n  static  .luta  with  and 
witliiiut  the  moving  bell  and  the  moving  model  dynamic  data  The  basic  lift  loss  in  the  Ktutic  data  is  to  be  expected  oj  tlie 
leverst'd  thrust  plume  envelopes  thi>  model  as  the  ground  plane  is  apnrowhtnl.  'I'lir  eliminatioii  of  the  ground  boundary  layer 
ny.iuf^  the  moviuK  Ix-It  delays  tue  onset  of  lift  loss  to  a  lower  li/b,  but  does  nut  ruiK'aiiK'iitfilly  alter  the  clioraeteristirs  of  tlie 
(iata.  However,  the  dyimniu  data  imlicates  significant  changes  os  the  loss  in  lift  di-es  not  oecin  iinltl  the  >nod<’l  is  over  lhi‘ 
iKnizoiitnl  portion  of  the  groiiiul  board  ami  Kteady  .state  conditions  are  established. 

il'  re.  the  model  js,  a}ipareiUly.  cuimtuntly  moving  away  from  the  reversed  thnist  flow  h.  id  and  the  plume  dues  not 
envelope  the  mode)  /is  Joiig  iis  rate  of  deNceiit  is  present  As  in  the  wind  tunnel  static  conditions,  the  steady  state  conditiuii 
gives  (inie  for  tin*  plume  to  begin  to  c  over  the  model  and  cause  the  lift  loss  iudicatcsl. 

'I'lie  effect  <<1  iucreiising  power  is  cv-icieut  when  the  data  of  lignies  11  and  12  aic  compared  ill  that  tlie  ground  etfr\-ts 
begin  lo  cii-iiir  at  .'t  higher  li/b  at  t!i<-  higher  power  setting.  1  Uli  is  ii'oiumable  in  that  when  the  power  setting  is  llicrcoacd, 
itie  cxim  iHt  flow  should  penetrate  farther  below  and  aln'ad  of  the  model  aiul  begin  to  iiitecacl.  with  tin*  ground  at  a  greater 
distainc- 

lb.-<nlts  tor  till'  h  18  model  are  pieseiit«*d  in  figure's  1.3  and  14  The  Iswiic  cliarru-terisUi's  in  figure  13  arc-  similar  lo  the 
previous  tigiire.s  in  flinf  he  diffei**nres  belwet-n  belt  on  and  of)  static  data  are  ^luall  and  the  diffeicnct*s  between  static  olid 
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dynajttic  data  are  larRer.  llowcvor,  tlie  «'tf«ct8  in  gnncral  ax’c  of  )csa  nmgnHudv  tliaii  ihotic  indicated  in  tiie  tiO“  delta  wing. 
'I'liis  is  also  reasonably  expected  since  the  thrust  rcvciaera  on  the  F-18  are  located  far  aft  on  the  model  and  rolntively  far 
away  from  the  wing.  The  nozzles  on  the  delta  wing  are  located  directly  below  the  whig  trailing  edge  and,  tlms,  the  exhaust 
How  should  have  a  greatei  iiileraction  with  the  wing  than  when  the  the  nozzles  are  locattxl  further  nft  of  the  wing. 

The  effect  of  power  setting  is  evident  again  by  coinpariiig  the  data  of  figure  13  and  U.  This  time  the  higii  power 
setting  is  very  high  aiid  actually  much  greater  than  would  be  expected  during  a  reasonable  aircraft  uiuiratiun.  However,  the 
point  to  be  made  is  that  this  high  power  blows  the  exhaust  plume  bo  far  ahead  of  the  model  that  the  interaction  with  the 
ground  occurs  at  cHsentially  the  same  h/b  whether  or  not  the  data  iaatatic  or  dynamic. 

The  third  model,  the  K-15  S/Ml'D  ia  eflertivcly  a  mid-point  between  the  first,  two  iiiodcis  in  that  the  thrust  revt>rueis 
aic  not  located  as  far  aft  on  the  fuselage  as  the  K-ld  nor  are  they  directly  below  the  wing  trailing  edge.  The  dynamic  results 
from  the  VRF  ure  compared  with  on  estimate  of  tlic  I'- 15  S/MTD  cliaractoristica.  whirli  were  developed  from  static  results, 
in  ligure  16.  This  static  data  set  from  Keference  12  k  currently  being  used  as  the  basis  fur  V'15  S/MTD  simulation  and  was 
developed  from  ilight  results  from  the  K  15  and  wind  tunnel  ground  clft'ctu  tests  of  several  eunfiguratuniH  of  the  The 

data  set.  completed  before  the  dynamic  n^aults  wt  re  available,  was  iiitciuled  to  represent  the  coiiditiuns  that  the  K-  ih  b/MTD 
would  eiu'uutiLer  during  final  approacli  and  landing.  Tin*  purpose  of  this  cuinpariuon  is  in  no  way  intended  tu  erilicize  the 
simulation  data  but  tu  further  point  out  the  signilicuiit  diirereiici's  that  may  be  pieseiil  belwefm  .HtHlie  and  dyncinnc  gmuiul 
etfecls,  especially  when  ve<-.tored  or  reversed  tliiufil  is  used. 

The  incieivuc  in  lift  as  tlie  ground  is  appruaclicd  is  present  in  both  sets  of  data,  hut  to  much  lesxS  extent  in  the  dynamic 
results.  The  reduction  in  lift  indicated  in  tiie  static  results  at  low  heights  is  iiut  present  in  the  dynamic  results.  Ditferenceb 
in  the  level  of  lift  vary,  hut  do  reach  a  very  .signilicaut  level  of  0.3  to  f).4  in  tire  extreme. 

These'  data  will  be  compared  with  iliglit  <lnta  from  tire  F-15  S/Ml'U  program  to  detenihne  the  tliHerenci*s  l>ctwce;» 
sialic,  dynamic  and  flight  results.  hVom  this  analysis  the  aclnai  tu'tnl  for  rate  of  descent  inoth'liiig  during  giouiul  I'ih-ctH 
testing  ill  the  wind  tunnel  will  be  determined. 

PLANS 

A  program  luis  been  approved  where  new  tu»‘nel  hardware  will  bedefiigiied  and  built  to  provide  up  to  15  ft/sve  vertical 
lutcH  and  HU  deg/stn'  pitch  rates  for  the  U-  by  2'2-l‘oot  bubsonie  Ihimel.  'I’lib  hardware  will  eonsisl  of  u  vertical  i»wt  whicli 
will  provide  model  support.  It  will  be  hydraulically  powertd  and  computer  »i>titrolle<l  to  provhle  the  rnphretl  model  moiioim. 
*riie  vertical  po^t  as.seiulily  will  he  capable  of  yaw  motion  Hint  the  iiioilel  cart  will  have  pioviMiou  fur  h  mnviiig  licit  giuimd 
nlaue.  This  testing  hurdv/are  will  allow  complete  ground  ejfccls  modeling  in  that  Imtli  eUminainni  of  the  ground  lioumiary 
layer  and  inclusion  of  rate  nr  «ii>.scent  will  he  poNsihlc  in  the  wind  (tiiiiiel.  In  suldilion,  a  eomplele  new  dala  .sYMlcm  will  hi 
iiichulcd  in  Lliis  piogiani  io  allow  proper  acipiisilion  and  rninnlion  of  Iransieiil  data  plienoiiieiia. 

CONCLUDING  HLMARKS 

A  research  program  at  tlie  N  AS.A  Langley  Ui'search  (Vnter  hon  demonstralial  vlial  r.ite  of  descent  eau  he  an  important 
faetor  in  ileterminiiig  accurate  groun<l  elfectb  for  air<Tul'l  <lurii‘g  approar'li  ami  landing.  A  seruN  of  niodelK  liave  heen  leiUrd 
ami  the  tiends  are  coimiNlent  (iiat  Hignilicaiit  ilifiereticeH  (*un  exist  hetwenn  ground  effects  obtained  with  .md  withnip  rale 
of  dc.-''ent,  especially  if  vectored  or  reverHeil  tlnusl  are  present,  in  general,  for  the  models  leated,  rati  of  <lc.-ieent  tend.-^  to 
ri'duci'  till*  .severity  of  any  ground  elfcet  present.  Finally,  the  rlhvi  of  using  the  moving  bell  to  eliiiiinatc  the  Hour  hound, ny 

l.'iyer  iii  ilie  wind  tunnel,  while  signilii  aut.  is  nnieli  smaller  tliaii  the  effect  of  rale  of-deseein . 

A  prigram  i.s  iindei  way  at  LaKt  'to  fahrii  ate  Mipfioit  system  liardwaie  and  develop  a  ilala  sysli'iii  to  .illow  wind  t  imiiel 
gruiiin!  elleets  le.stmg  at  r.'ites  of  de.sreiil  up  to  Ifi  fl/see. 
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I'iuun’  (i.  Cva^i^  srctinii  and  relative  po.silou  of  the  convorgciu  iio//lr  ust'd  in  llie  ,v»ng  irsl. 


Figure  7.  Sk(*tc’h  of  tljc  tlirust  rcvcrser  HiiiiiilHtor  used  in  the  K  18  a.id  F-15  S/M'I'D  teets. 
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10.  Skcldi  of  tin*  lost  section  of  tho  Lauj^lcy  14-  l»y  22-l’oo(  Subsonic  'lUMiici.  Dimensions  ,ire  mi 
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Kif^urc  1 1.  KiTcct  of  inotlul  hci^lit  on  tlic  lift  cocfluinil  of  tlip  GO”  delta  wing  at  a  -•  10°  and  NPH  -  10. 


Ki^urr  14.  Efrpct  of  mfHit'l  liL-lght  on  tlir  lift  <uriririciit  «)f  an  K-IK  model  al  a  -  8.4®  and  Nf’U  -  2.6.  -  I3t 

V-lL'ading  edp.e  “  20  ,  trailing  edge  ‘  20®,  6/,  =  -10'. 
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•  15.  CoinpariHuii  of  'Static  and  dyiiamic  groimd  effects  on  the  lift  loeflieu'iit  of  th<*  K-15  S/MT’J}  model. 
df/fin  =  20720''.  6,.  =  -13®.  Sf,  -  2®. 


ETIIDK  DE  L  EFFEl  DE  SOL  SUR  MAQUE'ITE  EN  V(JL* 


par 


J.L.C'ocquore/*  P.C'oCon  and  R.VerbruKSO 
IMF'L  -  5,  lx>uicvard  Paul  Paiiilcvc,  59IKM)  Lille 
Tcl.  2n.49.f>yj)0.  ielefax  20.5i2.‘L*;.93.  I'eleK  IftOOlOl 
jTance 


R^aumA 

L'instilut  cto  MAcanlque  Flukles  de  Lilid  <IMFL),  AtabJissamant  do  I'ONERA  (Offico  National  d'EtLides  at  da  Roeberches 
AArospatlales},  dAvaloppe  depuls  da  nombrauses  anndes  des  mAlhodes  expArimantalas  orlglnalas  londAes  sur  foxploitaiion 
dassals  an  vol  da  maqueties  an  laboratoire.  Ces  mAlhodas  sont  an  padicullar  ex]:A>itAes  pour  la  caractAnsation  a:  la 
n>odAllsation  das  qualliAs  de  vol  des  avions  en  tnilieu  periurM  ou  non.  Ellas  onl  Aid  app)lqu6es  A  I'Atude  de  I'eftel  da  sol  en  vue 
efune  maitlauro  maiinse  des  phases  termlnalas  de  I'approche  el  de  ratlerrissaoe. 

Las  atouts  de  la  technique  expArlmanlale  sont  dAlormlnants,  an  padlculier  pour  ce  type  d'Atuda  : 

•  RaprAsanietlon  diracta  du  comportemant  da  I'avlon  el  das  pJiAnomAnas  aArodynamiques  (reprAsentatlon  de  I'effal  de  sol, 
absence  da  sup,xn.  domalna  Incompressible,  maltrise  da  i'environnamant,  ate...) 

•  PrAcislon  AlavAa  dans  la  connaissanca  des  caractArlstlquas  massique.  Inartiello  at  struclurale  des  maqueties 

•  AccAs  aux  caraclArisllquas  du  vo)  A  partlr  d'inlormallons  redondantes  pormettant  une  rastllullon  optlmalo  dns 
variables  cfAtat  at  das  ooefllclents  aArodynafniquas 

•  Uiillsatlon  directe  das  mAthodes  d'ldantlllcatiofi  paramAtrlqua 

•  ComplAmentarltA  de  la  technique  vis-A-vis  d'assais  en  tunnel  at  en  souffierie 

-  MIse  en  Avidenca  d'effai  de  sol  statiqua  at  dynamique 

Dans  ce  documont.  nous  dAvaloppons  las  prlncipaux  aspects  de  la  mAlhodo  mise  an  oeuvre  at  nous  prAsentons  quekjuas 
rAsuliats  axpArlmentaux  sur  i'etfat  da  sol,  notammant  en  dynamique.  Las  perspectives  relatives  A  la  modAHsalion  du 
comportenient  longitudinal  sont  AvoquAes.  Des  dAvoloppemants  uiiArleurs  sont  suggAiAs  concernani  noiamment  I’appontage  at 
I'atlerrlssage  an  prAsanca  da  turbulence. 


Summauf 

The  Institute  of  Fluid  Mechanics  of  Llllo  (iMFL).  establishment  of  ONERA.  has  developped  since  many  years  spocitic 
experlmenlal  methods  based  on  the  exploltailon  of  flying  scaled  models  In  laboratory.  Those  meiho'is  are  specially  used  to 
characierlxe  and  model  ihe  aircraft  flight  qualities  In  a  dlsiurbod  or  undisturbed  environment.  They  have  been  applied  to 
ground  effect  studies  In  order  to  gat  a  belter  conlroi  on  approach  arnf  lanrSng  pliases. 

The  experimental  technique  and  facilities  are  specially  well  adapted  to  this  kind  of  study  : 

•  Realistic  representation  of  tfia  aircraft  behaviour  and  the  Involved  aerodynamic  phenomena  (ground  ropresentatlon.  no 
support  interference,  incompressible  flow,  well-known  environment,  etc  .  .  .) 

'  High  accuracy  on  wefghl.  inedia  and  structural  characterisiics  of  the  model 

-  Flight  test  data  obtained  through  redundant  maasuremenis  which  allow  an  optimal  ■  iluation  of  the  stale  variables  and 
the  dynamic  coefficients 

•  Application  of  parameters  kJeniificatlon  techniques  widely  complementary  wli.  -cw  speed  wind  tunnel  and  other 
moving  model  techniques 

•  Abilities  to  llluslrald  static  and  dynamic  ground  uneci 

This  paper  is  particularly  concerned  wilh  tho  experimental  techniques.  Some  exporlmantal  results  on  ground  effects, 
especially  dynamic  ones,  are  presented.  The  future  developments  of  the  mathematicnl  modelling  of  the  aircraft  longitudinal 
behaviour  are  also  mentioned.  Some  ideas  are  suggested  concerning  aircraft  on  carrier  or  landing  with  atmospheric 
disturbances. 
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U_iNTRQDUCTlQN 

L'optimisation  des  procedures  d'approche  et  d'atterrissage,  et  en  partlcuiler  la  precision  de  rimpaci  consecutit  a  la 
phase  (farrondi  et  au  palier  d  vltessa  decroissanre,  ndcassite  una  reconna!ssar)co  des  effets  d'lnieraction  aerodynamique  oriire 
I'avion  et  le  sol. 

Cus  effets  sent  de  deux  types : 

•  L’effet  de  sol  statique  corresporxi  e  un  vol  an  paHer  au  volsinage  d'ye  sd  sans  discontinuity  (phase  prdcedanl  i'lmpact 
ou  phase  de  roulement  au  sol  dans  le  cas  du  decollage}.  De  nombreux  inoyens  de  caracieiisation  existent  pour  traitor  cette 
phase. 

•  L'etfet  de  sol  dynamique  est  relatlf  d  une  vitesse  veiticale  lors  de  la  phase  dlte  d'arrondi,  a  une  vitesse  de  lartgage.  ninsi 
qu'd  la  proximity  dun  so!  discontinu  (appontage).  Peu  de  moyens  sont  ectuellement  dlsponibles  pour  prendre  on  compte  ces 
phyrKmynes  spycifiques  alnsi  que  certalnas  caracteristlques  lidos  a  renvironnement  telles  que  le  vent  lateral  ou  la  turbulertce. 

Pour  rdpondre  A  ces  preoccupations,  riMFL  a  recemment  dlendu  I'usage  d'une  methode  exporlmeniale  specitique  basde 
sur  rexploltatlon  d'easals  an  vol  de  maquettes  an  laboratoire  (planche  1).  Celie-ci  complete  les  meihodes  classiques 
ddveioppeGS  par  aUleurs. 

Les  principaux  avantages  de  cette  methode  sont : 

•  la  representation  directe  des  phenomenes  caracteristlques, 

•  pas  (feutre  Interaction  que  celle  recherchee, 

-  jn  paiamytroge  des  ‘entrees  sensiblllsantos", 
une  possibility  de  pliotaoe  errtbarque. 

-  une  possibliite  da  simulation  des  pliasas  compidtos  iusqu'A  i’lmpact. 

Ce  document  piesente  les  moyen.s  experimentaux  mis  on  oeuvre,  fournit  des  illustrations  de  r6sultats  slatlques  at 
dynamiques  et  propose  quaiquas  axes  da  developpemant  ultdrlaurs.  en  matidre  de  moddlisation  ol  vis-A-vIs  du  domaind 
d'application  de  la  methode. 


in  PRINCIPE  ET  METHODE.  EXPERIMENTAL^  .  MOYENS  MIS  EN  QtUVRti 


g  1  .  Principe  da  base  -  flmllltiidB 

Les  regies  de  similitude  i  adopter  visoni  une  represantation  sornblable  des  tralectolres  el  du  mouventent  de  I’avion.  II 
s'agil  d'une  similitude  cinematlque. 

AlnsI,  dans  I'lnvenialre  des  variables  A  prendre  en  compie  pour  ces  essals  en  similllude  sur  maquettes  volanies,  il  /  a 
lieu  de  considerer  les  caracteristlques  masslque  et  (nertlelle  du  moddle.  Les  grandeurs  prlmairbs  Indypundaiites  en  foncilon 
desquolles  peuveni  6tre  exprimees  les  variables  du  problAme  sont  une  longueur  de  reterenca  (c).  la  masse  voiumique  (p}  et 
I'acceieratlon  de  la  pesanieur  (g}.  Cette  representation  conduit  dans  Texpression  des  grandeurs  rdduiies  caracteristlques  d  la 
conservation  du  nombre  de  Froude  f  >  V  /  (q.c)^^^  enire  maquette  et  avion  (consoivatlon  du  rapport  des  forces  d'Inerile  aux 
forces  de  gravltd). 

Du  point  de  vue  de  I'aerodynamlque.  cette  sImiiMudu  est  restreinte  car  elfe  ne  peut  pas  representor  simultanymeni 
I'Identliy  des  nombres  de  Heynoids  ou  de  Mach.  O.i  rwtera  cependani  que  fe  domalrie  de  voi  consldere,  pamculiyrernen}  pour  la 
prysenfe  application,  est  subsonique  incompressible.  Le  nombre  de  Reynolds,  caicuie  sur  la  cords  de  reference  (c),  est  voisin 
do  2,5  ig6.  Alnsi.  pour  la  maquette  cor.skjyrye  preseniye  ol-aprAs.  I'identtty  des  effets  ayrodynamiquos  esi  respecieo. 


La  planche  2  prysento  'ine  vue  gynArale  de  la  maquette  ullllsye  pour  ces  Iravaux.  11  s'agit  d'une  maquette  d'avion  d'armes 
y  rychelle  1/8,6.  Sa  longueur  est  1,75  m,  son  envergure  esi  1,00  m  et  sa  masse  21  kg. 

Pour  le  calcui  des  vecteurs  instanianys  "accdldratlon  rysullante"  et  ‘rotalion”  au  centre  de  gravity  i'yqulpement  de  la 
maquette  comporto  : 

•  trols  accyiyromdlres  '‘Q-Flex*  vertlcaux  disposes  d  I'avanl,  y  rarriAre  el  au  centre  ds  gravity  (OdQ). 

-  un  accyierometre  ''Q  Flex*  iongiiudinai  au  CdG, 

-  un  gyromAtre  'SAGbM'’  en  tangage, 

Une  sonde  anymodirromytrique  Qruson  au  nez  de  la  maquette  mesuro  une  pression  cinytique  locale  et  une  presr.ton 
diffyrenlialle  pour  le  caicul  de  I'lricidence. 

Ces  moyens  de  mesures  dynamiques  sont  compiytys  par  des  syslAmes  oplo-yieclroniques.  Pour  la  trajeciographie.  lo 
repyre  maquette  ost  matyriallsy  par  trois  lampos  de  rytyronce.  Une  photo-cellule  provoquo,  par  rintermddlaire  du  codeur 
emberquy,  i'.nitiallsatlon  de  I'acquisition  des  donnOes  lyiymosuryes  et  assure  la  dalation  du  passage  aux  bases  d'enregistromonts 
optiques  (synchronisation  espace-temps). 


Z2  -_MQvens  Ml  -  Station  d’assals 

L'instatlatlon  d'essals  en  vol  est  abrltye  dans  un  bdtiment  de  type  industilel  occupant  uno  surface  au  sol  de  ^GO  m^.  Sa 
longueur  est  70  m  et  sa  hauteur  moyenne  10  m. 

Tcus  les  ecsals  soni  ryalisys  dans  la  conliguratlon  “vol  ptanO'. 


La  maquette  est  miso  en  vltesse  &u  moyort  d'une  catapults  ptieumatique.  pf4aiat)>dment  positionndo  nn  ponte  at  en  hauteur 
(ponta  d'dquilibre  relative  au  vol  pland  da  la  maquette).  L'energia  maximum  tibdrable  au  laigage  est  voisine  de  20000  J.  Sur 
la  vue  gdn^rale  de  I'lnslallatlon,  piancho  3.  on  peut  distinguer  la  zone  de  mlse  on  vitesso  sous  la  catapults,  le  dornaine 
d'dvolution  de  la  maquette  oii  les  trajeclolres  pou^ent  se  d^velopper  sur  ries  dislar^as  de  30  m,  et  ie  dispositit  de  rteupdration. 
Le  vltesse  Initiale  est  donate  par  uno  barridre  constitute  d'un  compieur  et  de  deux  talsceaux  laser  coupts  par  I'sxtrtrnitt  de  la 
voilure. 

Dans  le  domalne  U'tvolution  de  la  maquette,  une  soufflerie  horizonlalo  et  une  soufflerie  vertlcale  pcmnottcnt  de  crter  des 
sollicitaiions  exltrleures  du  type  vent  ou  rafale  lattrale  ou  verticaie. 

La  piste  est  reprtsentOe  par  un  plancher,  mis  en  place  dans  le  domalne  (Ttvolution  de  la  maquette,  sur  tout  ou  partle  do  la 
longueur  pisponible,  salon  le  type  d'essai  t  rtaliser.  La  ponte  de  ce  plancher  est  ajustable,  Sa  largaur  est  de  2,50  m. 

Le  paramttrage  do  la  hauteur  Initiate  de  largaga  ds  la  maqueite  (H)  par  rai^n  au  plancher  ost  realist  pm  modiflani  la 
position  de  la  caiapulte. 

Pour  les  assaU  en  offet  de  sol  permaneiil  la  plancher  ost  proloiigO  en  amont  du  point  de  largage  de  sorte  quo  les  effets 
atrodynamlques  lits  t  I'effot  de  sol  solent  complttement  ttablis  aux  conditions  Inillalos  du  vol. 

Le  plancher,  concu  en  modules  indtpendants  permel  de  solllcilor  dynamiquornent  la  maquolto  par  dos  div-continuiies 
irnpostes  telles  que  I'entrte  en  effet  de  sol  et  la  sortie. 

Ces  dispositions  peuveni  representer  e  la  lois  des  condiltons  rdalisles  de  vol  du  typo  appontage  alnsi  que  das  solilcitalions 
correspondant  d.  des  entrees  mathematiques  quallliees  {creneaux.  echelons,  oic  .  . Quelques  exemples  de  conliguratlon  de  sol 
sont  representes  sur  lee  planches  ^  et  5. 

Les  Informations  necessalres  e  ia  connalssance  'au  soi*  de  la  irajectolre  et  de  I’attituae  de  la  maquutio  on  vol  sent 
obtenues  sur  quaire  bases  optfquas  Implantees  dans  la  zone  rfevoluiion  do  la  maqueite  (plancha  C). 

Chaque  base  est  sliuee  dans  un  plan  vertical,  normal  au  plan  do  symetrie  du  vol,  el  comporie  deux  aopareiis 
photographlques  a  axes  perpendiculalres.  Les  traces  luntlneuses  des  ttols  lan^s  de  reference  portees  par  la  maqueite  alnsi 
qu'un  reierentiel  local  sont  enregistres.  Les  traces  soni  relevdes  en  conlinu.  Une  batterie  de  flashes  preprogrammee  lournit 
sur  chaque  plaque  photographlque  un  instantane  de  la  .naquetie  en  vol  et  active  la  photo-cellule  portee  par  fa  tnaquette,  genOrant 
alnsi  une  Information  de  synchronisation  espace-iomps  Insdree  dans  le  cycle  de  teiemesure. 

La  geomeirie  de  cet  ospace  de  vol  est  c/eiarminee  au  moyen  d'un  systeme  de  mesures  iridimenslonnelies  sans  contaci, 
utlllsani  deux  theodolites  relies  e  un  systems  d'acquisitlon  ot  do  calcuL 

Les  mesures  effectuees  dans  la  maquette  dursnt  le  vol  sont  transntlses  au  soi  par  emission  HP  en  mode  PCM  et  stockees 
sur  but;  nemolres  Internos.  Ce  disposilif  est  bien  adapie  d  fa  mosurc  do  pheriomenes  rapidemeni  varlabtos.  Les  caructerisliquos 
prlnclpales  du  codeur  utilise  sont  los  suivantes  : 

-  30  entrees  anaiogiques  symetriques  (*1  V  «  ft  V) 

-  frequence  de  codage  150  Kbita/s  (761  mesuf  ss  par  seoondo  et  par  vole  •  p^riode  d'Ochantlitonnage  :  1.26  ms) 

-  format  de  sortie  :  30  mots  de  mesure  et  2  mots  de  synchronisation  de  12  bits  c^'acun 

•  Insertion  en  mot  15  d'une  vole  numerique  (tops) 

-  Insertion  en  m?!  16  d'un  compteur  de  cycles  (dafalion  avanl  emission) 

La  composition  du  cycle  de  teiemesure  est  la  sulvante  :  deux  mole  de  synchronisation,  quatorze  voles  de  mesures,  deux 
mots  nunidriques,  quatorze  voles  de  mesures.  Cette  composition  permet  de  doubler  la  frequence  cT^rhantlllonnage  des  ia  voles 
de  mesure. 

Un  example  de  donndes  brutes  d'acquisillon  ost  presentd  sur  la  pianche  7,  relatif  aux  accdl^romdlres  longitudinal  el 
vertical  au  CdQ  alnsi  qu'au  gyrorndPe  de  tangage.  Le  param^tre  figurant  en  abscisse  (T*)  est  lo  temps  r^dult  ou  distance 
exprimOe  en  rx^mbre  de  oordes  paroourues.  La  maquette.  reprdsentde  i2k  recholln  sur  la  pianche.  esi  largude  hors  efiel  do  sol. 
Ella  subit  une  prernl^re  solllcltallon  brusque  d'effel  de  sol  avec  une  hauteur  relative  >10  0,35  sur  une  longueur  de  deux  cordes 
maquette.  puls  la  hauteur  relative  augmenla  de  0,20  sur  une  longueur  de  13  cordes.  Ensulte  la  maqueite  nest  plus 
interectlonnee  par  lo  plancher. 


2.4  :  LggIcJflIs 

On  dispose  done,  6  partlr  des  moyens  mis  en  oeuvre,  de  trois  sources  (finforntallon  ind^pendanlus  (Irajoctographle  sol, 
mesures  dynamlqi*Qs  embarqudes,  andmocllnom^trle)  permettant  une  exploitation  des  redondances  dans  la  procedure  de 
Irallemeni  des  essals  on  voi  (restitution  des  variables  d'diat  et  des  coefficients  adrodynamiques  giobaux}. 

Trois  prcgraiTirriOs  piiuuipuux  sent  mts  on  oeuvre  (pianche  6)  : 

•  un  programme  de  trajeciographle  tralie  les  traces  lumlneuses  des  trots  lampes  de  reference  ponees  par  la  maquette, 
obtenues  par  dOpoulllbment  des  enregistremenis  opilques.  Pour  cheque  base  on  obtient  les  angles  d'Euler  (\y,  0,  <^),  los 
coordonnOes  du  centre  de  gravity  (X,  Y,  Z),  rincldonce  (o),  te  ddropago  (p)  et  la  pente  (y). 

•  un  programme  tralte  les  donnas  acc6li)rometriques  el  gyrom^triquas  tdiemesurdes  perxlant  ressai.  II  opdru  sur  les 
valeurs  obtenues  par  difference  enire  le  vol  et  les  zOros  pris  sous  rampe  ImmMiatement  avant  la  mlse  en  vltesse  de  la 
maquette.  un  premier  ensemble  de  conditlor  inillales  est  d4term(n6  soli  par  mesures  Jlrectes  (valours  fournles  par  les 
capteurs  de  la  maquette  au  dObuf  du  vol},  $^.>1  par  des  mesures  faltes  au  sol  (angles,  vltesse  Initials,  ...].  A  la  cadence 
d'4chantilionnage.  toutes  les  i  .28  ms,  les  paramoires  sulvants  sont  cafcul^s  :  X.  Y.  Z.  y.  0.  ^  et  leurs  dOrIvOes  premieres  et 
secondes,  V,a.[i.Y. 
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-  Un  programme  permel,  6  partir  des  mesures  an  vol  d'una  pression  cindtiqiio  locale  et  d'une  profusion  ditfgrentielle,  le 
calcui  de  lavltasse  et  da  I'lnckionce  au  nez  de  la  maquetie. 

Les  rdsultats  obtanus  i  padlr  de  ces  trols  sources  d'informalions  ifxidpendantes  sent  ulilisds  ensuite  dans  un  test  de 
validaiion  des  donndcs  et  (fajustement  final  des  conditions  Initiates  du  vol.  Las  informations  provanant  de  la  trajectographio 
opllque  sol  permettant  d'dt^lir  un  recatage  precis  des  donndas  acc4i6rom6trlques  at  gyrom^riques  Intdgrdes.  notamment  on 
terme  de  condMions  Initlales.  Les  rdsullats  du  vol  sent  acquis  iorsquo,  pour  cheque  paramMro.  lo  recoupoment  s’dtablit  h 
rint6rieur  d’iniervallas  de  precision  ddfinis  sur  les  grandeurs  gdomdtriques. 

Cette  procrkjuro  perinei  da  vallder  des  vols  en  latxiraiolra  sur  das  parcours  da  35  m,  avec  une  precision  da  0,01  m  sur 
les  positions  X,  Y,  Z  et  de  0,1  *  sur  les  angles  y,  6,  e.  (X  p.  Y-  quality  da  1‘informalion  sur  las  acccdldrations  et  los  vllossos 
angulaires  et  imeairos  esi  done  panlcuiieremem  prdcleuse  pour  t’exploiiation  aOrodynamique  des  voLs. 


Hit  ESSAIS  nEALISES 

La  procedure  generate  mise  en  oeuvre  a  consiste  tout  d'abord  e  caracteriser  la  maquatte  en  vol  permanent  non  penurbe 
(vol  de  reference]  et  &  solilclter  le  tangago  hors  effet  de  sol.  Cette  procOchjre  permei  la  caracterisallon  aOrodynamiquo  de  base 
de  la  maquetta  (Cx,  Cz,  Cm.  dm).  Sur  la  baco  des  vols  de  reference,  on  eiablit  ensuite  un  programme  d'essals  on  efiet  de  sol, 
associant  des  conditions  initlales  au  largage  variees  (brnquage  des  Olevons.  variation  de  rinddence,  du  centrage  ou  de  la  vitesse 
iniiiaie]  el  diverses  configuraiions  de  plancher. 

Les  caractenstiques  des  vols  realises  rer^esenieni  une  configuration  du  typo  atterrlssage  : 

-  la  vliesse  esi  comprise  entre  27, 12  m/s  et  31,84  m/s 

-  le  domalne  d'iricldence  oouvert  va  de  .2,61  °  d  20.29  ^ 

■  I'assletie  longltudinale  varle  de  5,59  ''  d  16.83 

la  faciour  de  charge  normal  est  compris  entre  0,77  et  0.97 

Les  conditions  Initlales  des  vols  ont  ete  choisies  pour  sonsiblilser  ditierenis  parametres  enirani  dans  la  formulation  do 
I'effel  de  sol. 

Les  principales  caractenstiques  des  vols  realises  soni  les  suivantes  : 

*  des  vols  de  reference,  sans  effel  do  sol 

*  des  vols  avec  effet  de  sol  'conlinu*  (le  plancher  est  instalie  sur  toute  la  distance  du  vol  y  compris  avant  le  largago). 
Oifferentes  hauteurs  relatives  du  centre  do  graviie  de  la  maquetie  par  rapport  au  plancher  onl  eiudides  (0.6  <  H/c  <  1.0). 
Certains  de  ces  vols  pouvent  atre  consIddrOs  comma  effectu^s  ^  la  llmito  de  relfat  de  sol.  d'auires  se  caraetdrisent  par  une 
hauteur  relative  (H/c)  quasi  constante  ce  qui  permet  des  recoupemanis  immOdlals  avec  dos  rdsullais  obienus  avec  d’autros 
moyens  d'essals.  D'autres  vols  comportent  une  dynamiquo  plus  impodanto  et  un  fort  laux  de  chute,  pouvant  allor  jusqu'd 
rimpacl 

-  des  vuls  avec  penetration  en  effet  de  col  et  sortie  de  I'effet  de  sol 

*  des  vols  avec  penetration  en  effet  da  sol.  sollicitallons  “en  cr6neau*  sur  des  distances  de  deux  el  qualre  cordos  el  sorlio 
du  I'effet  de  sol. 

La  planche  9  rOsume  queiques  caractOristiques  d'un  programme  d'essals  type.  Des  schemas  ilkistrnnt  diff^rentus 
configurations  du  plancher. 


m  RESULrATS_E]LEQRMULATiQN_DE  L'EFFET  DE  SQL 

Les  r^sultats  obtenus  iors  d'essals  en  vol  J'ljne  niaquette  d'avlon  d'arnies  sont  relatifs  au  vecleur  d'etat  (positions, 
vltesses  at  accelerations  llnealres  et  angulaires)  el  aux  grandeurs  a(^rodynamlquo$  (cooffidents  globaux,  incldonco,  ponio  oi 
Vitesse). 

4.1  <  Etfeidfl  spl  slaltoUQ  aLdynamlaue  siailonnalre 

Pour  un  ensemble  de  vols  avec  effet  de  sot  "comlnu*.  t'accroissement  relatif  du  coefficient  do  portance  globale  est 
prdsentd  sur  la  planche  10. 

Le  paramdtre  potto  en  a^clsse  est  la  liauteui'  du  centro  de  gravlid  do  la  iiia^uotio  par  rapport  au  plancher,  rapportpe  u 
la  corde  de  la  maquetto. 

La  portance  globale  int^re  les  termes  relatifs  aux  dift^rentc  braquageo  dos  6levons  ainsi  quo  ceux  lies  a  I'lnuideiice  ou  e 
la  Vitesse  de  tangage.  Elia  tradiilt  h  la  fois  les  effots  de  sol  statiques  et  dynamiques  lies  a  la  vHesse  vorticale  (V2). 

On  reiave  une  evolution  trds  caracterisilque  du  coefficient  de  portance  (Cz).  L'effoi  de  sol  se  maniloste  en  degd  d'une 
hauteur  relative  volsine  de  0.6  et  croft  de  fagon  senslbiement  hyporboilque  jusqu'd  la  hauteur  relative  minimum 
c  Trespondani  i  I’impact.  Les  variations  relatives  du  coefflclont  de  ponance  aiteignent  40  %  et  peuvent  se  prodiiire  en  un  laps 
c:  1  temps  de  I'ordre  d'une  d  deux  seoortdes. 

A  partlr  de  la  base  de  donnees  constitude  des  rdsuitats  des  essals  un  vol  de  la  maquetie,  I'lMFL  a  ddveloppe  une 
formulation  umpiriquo  de  I'effet  de  sol  pour  ten'er  cie  resiMuor,  tk  partir  de  cello  hauteur  relative  (fapparitlon  de  I'eftoi  de  sol, 
I'dvolut'on  des  coetfictenls  adrodyriamiques  longltudlnaux  Cx,  Cz.  Cm.  Cette  formulation  prond  en  comple  la  hauteur  relative  ol 
la  Vitesse  vertlcaie  redulti 


Chaque  coefficient  pout  s'exprimer  sous  la  foririQ  suivanio  : 

(i  »  x.  z,  tn)  "■  CIq  +  CIq  .  a 

avec  CiQ  -  A  +  8  /  (H/e)  ♦  C  /  (H/c)2 

el  Cl„  -  D  +  B  /  (H/c)  +  F  /  (H/c)2  t  G  .  (Vz/V.  )  /  (H/c) 

Les  constanios  A,  B,  C.  D,  B,  F,  Q  sont  identifiOes  par  motndros  cairds  sur  ransemble  dos  vols. 

Las  rdsuliats  fnurant  sur  la  planche  11  pr^sentent  des  comparoisons  elfectu^es  enlre  les  coefficlunts  mosurds  on  voi 

(v)  el  ceux  obtenus  avec  la  formula  ci'dessus  {o).  L'ordonnOo  reprOsei^a  1‘Ocart  relatif  da  chaque  coefficient  par  rapport  t  la 

valour  hors  effot  do  scl.  On  peut  constater  que,  pour  des  vols  avoc  oflol  de  sol  “coniinu”,  fa  formulalion  est  reprOsoniative. 


4.2  >  EffGI  da  sol  dvnnmiqiifl  et  instmlonnalre 

Juoqu'd  prOcent  de  nombreux  auieurs  onl  montrO  rimportance  dus  efleis  dynamiques  liOs  notamment  a  la  vilesse 
verlicale.  Bien  qua  prise  an  compte  dans  la  formulation  presontOe  ci-dassus.  celle-cl  n’est  pas  appropride  ^  la  description  de 
phOnomenes  d'effat  de  sol  comportant  des  effels  transitoires  Imporlanis.  Ces  conditions  partlcuH^res  sont  renconlrOas 
notamment  iors  de  phases  d'apponlage  ou  de  dOcoltage  d'avions  embarques.  Eties  sort  roproduiles  dans  les  essais  on  vol  de 
maquQttes  Si  constituent  par  aiileurs  des  sollicilaiions  atiraciives  du  point  do  vue  de  la  'echarctie  de  modules  gOndraux  d'offet  do 
sol  (rdponsQs  indicielles). 

f'uur  ces  essais  partiouliers,  les  coefficients  calculOs  (O)  no  correspondent  plus  d  ceux  inesurds  en  vol  (x).  Las  effels 
transitoires  no  sont  pas  resl'luds  comma  le  rnonireni  les  courbes  prOsenlOes  sur  la  planche  12.  Dans  cel  exempio  la  maquelte, 
represent^e  d  rechalla  sur  la  planche.  est  larguOe  hors  effei  de  sol.  Elle  subll  una  premiere  sollicilallon  brusque  d'enlrOa  en 
efftit  de  sol  avec  una  hauteur  relative  de  0.3fi  sur  une  longueur  do  doux  cordos  maquetia.  puis  la  hauteur  relative  augrnante  de 
0,20  sur  une  longueur  da  13  cordes.  Ensulie  la  maquelte  n'esi  plus  intoraciionnOo  par  le  pfonclior. 

On  romarque  qua  I'effel  le  sol  n'est  pas  symOtriquo,  que  les  effels  lids  k  la  pdndlrallon  en  eltel  de  sol  sont  trOs  imporlanis 
(pain  ut  ponte  k  I'origine)  el  qua  les  rdponsos  en  porianco  oi  on  moment  de  tangago  soni  lelalivemer.i  cx^rrOIOos. 

Pour  inleux  illustror  ces  phdnomdnes  spdciflquos  on  prOsente  sur  la  planche  13  les  rOsulials  compards  de  phases 
transitoires  de  trofs  vols  reprdsenlani  le  premier  un  appontage  (•).  le  second  une  sollicitation  d'effet  de  sol  be  type  erdneau 
sur  line  longueur  de  doux  cordes  (4),  le  troisidme  une  sotilcitalion  doffet  da  sot  de  type  erdneau  sur  uno  longueur  do  quatro 
cordes  (A). 

On  rernarqua.  pour  les  coefficients  de  parlance  el  de  momeni  de  langage.  quu  los  pontes  k  I'ong'rie  seinblunt  ddpendre 
efirectement  da  la  hauteur  rolatlve.  On  attoint  60  %  dos  valeurs  dynamiques  siallonnuiros  <♦)  oprds  un  parcours  d'envlion 
deux  cordes- 

L’inidrdt  de  ces  configurations  de  plancher.  comporiani  une  forte  dynamlque  nn  oifu!  de  sol.  esi  dvidont  pour  la 
determination  des  temps  de  rdponse  et  I'diude  des  effels  transitoires. 


Sur  la  base  des  donndes  gdnOrulement  dlsponlblos  ralalives  k  I'effoi  da  sol  slalionnaire,  les  siniulationb  rdalisdos  en 
aiterrissage  ne  sont  pas  confirnides  par  les  essals  en  vol  en  ce  qui  concerne  la  precision  do  rimpoct.  Nous  avons  pour  ob)eclif  de 
ddvelopper,  d  parllr  das  donndes  provenani  d'essals  on  vol  et  en  souiflerie  de  la  maquotte.  uno  modOHsatton  plus  globale  de 
I'elfet  dr-  -ol  en  vue  d'optlmlser  les  performances  en  configuration  d'aiteirissage  et  de  dOcoHago  y  comprls  dans  la  conllguralion 
d'avions  umbciiquOs.  Cette  moddllsatlon  sera  dOveloppOe  sous  une  forma  ulilisable  en  mOcaniquo  du  vol. 

Les  principaies  difficultOs  du  probldme  $ont  relatives  ^  : 

■  rimpacl  de  I'archileclure  de  I'avlon  sur  son  comporlement  en  effet  du  sol. 

-  la  non  lln^aritd,  I'asyaiOtrle  el  la  rion  stallonnaritO  du  ph^noin^ne, 

•  le  choix  de  variables  expllcaHves  lndOper>dantes,  locales  ou  non. 

Les  outlls  k  mettre  en  oeuvre  s'insplrent  des  ddveloppements  d^Jd  offeciud:  Ians  des  domaines  slrnilalrus  (vol  k  huuto 
incidence  ou  en  turbulence'.  ils  peuveni  dire  de  dilfdrents  ordres  : 

•  soil  des  labfeB  et  des  fonctlons  de  transiert.  permeltant  de  bleu  represented  mathbmaliquoment  les  ph^nom^nos  inais  ne 
pouvani  pas  u  priori  dtre  exlrapolables  k  un  changemenl  d’archilecture  do  la  maquelte  ou  a  I'ou/erture  du  domalne  do  vol 

•  soil  des  foncllons  Indiclelles.  tynn  Tobak  e!  Schiff 

-  soir  une  modellsatlon  par  Oidrnents.  plus  physique,  perine'tani  de  prendre  en  compte  rarchiloclure  de  la  maqueiie  et 
les  aspociF  temporels  du  phOnomdne,  nolarrimenl  fes  effels  de  penetration  et  de  some. 


CONCLUSION  ET  PERSPECTIVES 


Ces  travuux  oni  pormis  d&  contirmor  les  av^ntagos  de  ta  technique  cfessais  en  voi  da  maquettus  an  latx)raloira  employee  ^  o 
riMFL,  en  vue  do  la  caractensatlon  siatiquc  ot  dyna^ique  de  t'effet  de  sol.  el  pour  la  validation  de  proc^dufos  sirnuldes 
d'approcho  ot  d'allenissago. 

Los  pnncipaux  ensoignements  d^agds  concerneni  : 

■  la  compiemoniantd  de  la  technique  experimentala  vis-d  vis  d'autres  mo/ens  d'e&sais 

-  une  bonne  (XirOlatlon  de  I'ehet  de  sol  statique  d  regard  d'autres  sources  de  donnees 

•  la  rnise  en  evidence  de  i'lmpodance  des  effets  dynamiques  lies  mlanifnant  ^  la  vitassa  vortlcale 
uno  premiere  fonnulalion  de  I'eitei  de  sol  dynamiquo  stalionriaira 

la  caracterisation  des  etfels  dynamiques  insiationnairas.  repondani  a  das  objocitls  operulionnals  relatifs  a  I'avion 
ambarque  ainsi  qu'd  une  possibiiite  de  recherche  el  de  validalicrt  (fun  nruxieia  mathematique  global  de  I'eMal  da  sol. 

A  I'avenlr  les  travaux  doivent  6tre  orient^s  an  particuiiar  vers  una  analyse  plus  approlondie  des  eifail  dynamiques. 
tondeo  sur  une  experimentation  diversilide  concoutant  ^  la  ntise  au  point  d'un  module  da  rapresenlalion  pertorinant.  Cetto 
approche  nOcessilerall  I'omploi  d'outlls  mathdinatlquos  tels  qua  les  tables  et  les  fonctlons  de  traiislurt.  las  forictlons  Indicielins 
et  les  modeies  par  ^l^monts. 

La  methode  expdrimenlalo  sera  par  ailleurs  exploiiea  pour  la  valkJalion  de  periormances  ainsi  que  pour  dos  Otud' s  de 
sonsibllil^  vis  d-vis  d'erreurs  du  module  d'affet  de  sol. 

La  possibiliie  de  simuler  des  perlurbalions  atmo:ipheriquos  poiirra  dire  priso  on  consideration  ainsi  quo  la 
representation  dans  la  maquelle  de  la  molorisatlon. 
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SUMMARY 

A  limited  flight  experiment  was  conducted  to  document  the  ground-effect  cliaiactcristics  of  the  X-29A 
research  airplane.  This  vehicle  has  a  unique  aerodynamic  planform  which  includes  a  forward-swept  wing 
and  close-coupled,  variable  incidence  canard,  llic  flight-test  program  obtained  results  for  errors  in  the 
airdata  measurement  and  for  incremental  nrrrmal  force  and  pitching  moment  caused  by  ground  effect.  Cor¬ 
relations  with  wind-tuimcl  and  computational  analyses  were  made. 

The  results  are  discussed  with  respect  to  the  dynamic  nature  of  the  flight  measurements,  similar  data 
from  other  conflgtrrations,  and  pilot  comments.  The  ground-effect  results  are  necessary  to  obtain  an  accurate 
interpretation  of  the  vehicle's  landing  characteristics.  The  flight  data  can  also  be  used  in  the  development 
of  many  modem  aircraft  systems  such  as  autoland  and  piloted  simulations. 

NOMENCLATURE 
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NASA 

P.ANAIR 
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a 

dOlog 
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above  gromid  level 

aerodynamic  ptclimirraiy  analysis  system 
span.  It 

lift  coefficient,  out-of-ground-effect 

normal  force  coeffi.lent,  out-of-ground-cffect 

height  of  airplane  above  minimum  heigh!,  wheels  trn  ground,  ft 

vertical  velocity,  ft/scc 

National  Aeronautics  and  Space  Administration 
panel  aerodynamics 
pitch  angular  rate,  deg/sec 
angle  of  attack,  deg 

axial  force  coefficient  increment  caused  by  ground  effect 
lift  coefficient  increment  caused  by  ground  effect 

pitching  moment  coefficient  increment  caused  by  ground  effect,  reference  center  of  gravity 

normal  force  coefficient  increment  caused  by  ground  effect 

pressure  altitude  measurement  error  caused  by  ground  effect,  ft 

canard  position,  positive  trailing-edge  down,  deg 

iungitudinal  control  stick  position,  positive  oft,  in. 
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1.  INTRODUCTION 

An  undeisuinding  of  giound  effects  is  important  for  the  development  of  many  modem  aircraft  systems 
and  for  accurate  interpretation  of  vehicle  flying  qualities.  These  data  must  include  the  ground  effects  on 
total  vehicle  forces  and  moments  as  weU  as  perturbations  of  aerodynamic  (angle-of-attack  (a)  and  airspeed) 
sensors  which  may  be  used  for  control  system  feedba.  Valid  analytical  models  of  these  effects  are  required 
to  support  high  fidelity  simulators,  used  for  flight-time  equivalent  pilot  training.  These  models  are  also 
requited  in  the  development  of  advanced  flight  control  systems  such  as  autoland. 

Ground  effects  for  a  variety  of  planfotm  types  such  as  aft-swept,  delta,  and  low-aspect-ratio  wings  have 
been  studied  in  the  past  (refs.  1-4) .  Recent  studies  (refs.  5-7)  have  indicated  substantial  variations  between 
ground  effects  determined  from  steady-state  conditions  (constant  height  above  ground)  and  dynamic  condi¬ 
tions  (such  as  landing  approaches).  Flight  testing  allows  the  determination  of  ground  effects  under  dynamic 
conditions,  which  are  typically  not  simulated  in  wind  tunnels  or  computational  analysis. 

'Hie  X-29A  forward-swept  wing  rescareh  airplane  was  deyelopcd  and  flight-tested  to  evaluate  ses  eral 
concepts  for  application  on  futiue  figliter  aircraft.  A  general  overview  of  the  goals  of  the  project  can  be 
found  in  references  8  and  9.  As  part  of  the  flight-test  program,  a  series  of  maneuvers  was  conducted  to 
determine  the  ground  effects  related  to  this  unique  configuration.  Flight  data  were  obtained  at  angles  of 
attack  from  6.5  to  8.5°  aitd  indicated  airspeed.s  from  145  to  160  kn. 

Flight  data  were  obtained  from  onboard  sensors  and  a  ground  based  optical  tracking  system  during 
shallow  approaches  to  the  runway.  The  analysis  included  balancing  the  vehicle  forces  and  moments  and 
correcting  for  pilot  inputs  during  the  maneuvers.  The  data  were  conelatcd  with  a  limited  set  of  wind-tunnel 
data,  obtained  with  a  fixed  ground  board  in  a  low-speed  wind  tunnel.  In  addition,  ttvo  numerical  techniques, 
aerodynamic  preliminary  analysis  system  (APAS)  and  panel  aerodynamics  (PANAIR),  were  also  applied 
to  the  configuration  in  ground  effect.  The  APAS  code  (ref.  10)  uses  a  constant-pressure  panel  method  with 
limited  modelling  capability.  The  PANAIR  code  (icf.  11)  is  a  higher-order  panel  method  which  offers  greater 
modelling  capability  but  requires  more  computer  resources  and  user  cfforL 

This  paper  presents  the  flight  data  and  compares  the  results  with  the  wind-tunnel  and  theoretical  predic¬ 
tions.  In  addition,  the  results  are  discussed  with  respect  to  the  dynamic  nature  of  the  flight  measurements, 
data  from  odier  configurations,  and  pilot  conunents  regarding  X-29A  aircraft  landing  characteristics. 

2.  VEHICLE  DESCRIPTION 

The  test  vehicle  is  shown  in  figure  1.  Table  1  gives  a  summaiy  of  the  physical  chaiacterisUcs.  A  more 
complete  description  of  the  vehicle  is  given  in  reference  9.  The  most  unusual  external  features  include  the 
forward-swept  wing  and  close-coupled,  variable  incidence  canard.  The  configuration  has  relaxed  longitu¬ 
dinal  static  stability  which  requires  the  use  of  a  highly  augmented  digital  flight  control  system.  The  wing 
has  a  full-span  trailing-edgc  flap.  Pitch  is  controlled  through  a  scheduled  combination  of  the  canard,  wing 
trailing-cdge  flap,  and  the  strake  flap  surfaces  (flg.  1).  In  the  "power  approach”  control  system  mode,  the 
wing  flap  and  gear  are  fixed  in  tlie  down  position  and  pitch  control  is  achieved  by  the  canard  and  strake  flap 
surfaces.  The  airdata  sensors  used  in  this  study  were  installed  on  a  noseboom. 

3.  MEASUREMENTS 

The  principal  onboiud  measurements  in  this  study  were  inertial  rates  and  accelerations,  control  surface 
positions,  airdata,  and  fuel  quantities.  The  data  were  encoded  by  a  pulse  code  modulation  system  with 
10-bit  resolution  and  were  tclcmetcrrd  to  a  ground  station.  The  flight  dam  were  obmined  at  rates  up  to 
200  samples/sec.  Further  details  regarding  the  data  acquisition  system  are  found  in  reference  9. 

A  cine-theodolits  (optical  tracking)  system  was  used  to  determine  aircraft  position  with  respect  to  a 
fixed  ground  reference  sy.stem  (ref.  12).  IXvo  calibrated  motion  picture  cameias  tracked  tlie  aircraft  as  it 
maneuvered  close  to  the  runway.  The  tracking  provided  elevation  and  azimuth  values  referenced  to  each 
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camera  Icx^ado.'i.  Triangulation  of  these  measurements  detennined  aircraft  position.  Sink  rate,  flightpath 
angle,  and  other  pertinent  parameters  were  derived  from  the  position  data.  The  accuracy  of  the  measurements 
depended  on  the  distance  between  the  aircraft  and  the  camera  installation;.  Because  of  the  small  size  of  the 
X-29A  aircraft  and  the  shallow  approaches  used  in  this  experiment,  good  optical  data  were  available  only 
lor  approximately  the  last  SO  ft  of  descent.  The  optical  data  were  obtained  at  a  rate  of  4  samplcs/sec. 

4.  FLIGHT  MANELVERS 

All  maneuvers  were  flown  by  the  same  general  procedure,  similar  to  that  described  in  reference  1?. 
While  at  a  constant  altitude  in  the  landing  pattern,  the  pilot  selected  the  power  approach  configuration  (wing 
flap  and  gear  down)  normally  used  for  landing  the  airplane.  After  the  airplane  was  aligned  with  the  runway, 
the  pilot  established  a  shallow  descent  at  a  predetermined  sink  rate,  and  optical  tradting  began.  During  the 
descent  the  pilot  minimized  use  of  the  control  stick  and  tluoOle.  As  the  airplane  approached  the  runway 
and  responded  to  ground  effect,  the  pilot  tried  to  maintain  a  constam  indicated  angle  of  attack  using  pitch 
stick  inputs.  On  some  maneuvers,  the  throttle  was  reduced  in  order  to  ensure  touchdown.  When  the  airplane 
leveled  off  or  the  main  gear  touched  down,  the  optical  tracking  was  terminated  and  the  pilot  conducted  a 
“go  around”  maneuver.  Ground-effect  maneuvers  were  no'  attempted  if  surface  winds  exceeded  S  kn  in 
any  direction. 

Figure  2  shows  a  time  history  of  key  parameters  from  a  typical  maneuver.  In  this  example,  tl»  ai.gle  of 
attack,  pitch  rate,  and  canard  position  indicate  an  oscillation  in  the  pitch  axis  during  the  first  few  seconds, 
probably  caused  by  small  flightpath  adjusunents  or  atmospheric  tuibidencc  (note  the  small  amplitude  of 
stick  movement).  As  the  airplane  descends  below  15  ft  above  ground  level  (AGL),  it  begins  to  flare,  as  the 
altitude  and  vertical  speed  data  show.  At  the  same  time,  the  angle  of  attack  generally  decreases,  indicating 
that  additional  lift  is  being  generated  I  .ccause  of  ground  effect.  During  the  last  10  ft  of  vertical  descent,  stick 
commands  diminish  while  the  canard  moves  to  a  more  positive  (trailing-edge  down)  deflection.  This  move¬ 
ment  is  produced  by  the  flight  control  system.  The  slrake  flap  surface  movement,  not  shown,  is  inversely 
proportional  to  the  canard  movement 

A  total  of  10  maneuvers  were  attempted  over  a  series  of  lour  nonconsccutive  test  flights.  Of  these,  four 
maneuvers  were  not  analyzed  because  of  gaps  in  the  optical  tracking  data  or  excessive  conhol  inputs.  For 
all  maneuvcis,  the  normal  force  coefficient  ranged  from  0.95  to  1.15  and  angle  of  attack  ranged  from  6.5 
to  S.S”  prior  to  entering  ground  effect.  Because  of  the  limited  flight  time  available  for  this  study,  a  wider 
variety  of  flight  conditions  was  not  attempted,  and  the  pilots  had  little  opportunity  to  practice  the  technique. 

For  several  reasons,  the  flight  maneuver  was  a  difficult  task  to  pcrfoim  with  precision.  In  older  to  main¬ 
tain  quasi-steady  flight  conditions,  the  pilot  had  to  monitor  the  angle-  of-attack  display  inside  the  cockpit, 
while  simultaneously  verifying  a  safe  approach  to  tlie  runway.  The  maneuver  relies  on  the  increased  lift 
caused  by  ground  effect  to  help  flare  the  airplane  and  provide  an  acceptable  touchdown  sink  rate.  The  pilot 
docs  not  experience  this  effective  ground-effect  cushion  until  the  last  few  seconds  of  the  descent. 

As  a  safety  precaution,  on  the  first  attempts  the  targeted  descent  rates  prior  to  encountering  ground  effect 
were  very  shallow  (approximately  100  ft/min).  As  confidence  increased,  the  targeted  descent  rate,'!  were 
increased  to  5(X)  ftAnin.  In  all  maneuvers,  the  sink  rate  decreased  substantially  as  the  airplane  descended 
below  about  15  ft  AGL  {h/b  =  0.55). 

The  pilots  attempted  to  conduct  the  maneuvers  near  tire  midpoint  of  the  runway  in  order  to  minimize 
distance  from  the  tracking  camera  installations  (fig.  3).  Because  of  tfie  shallow  sink  rates,  it  was  difficult 
for  the  pilot  to  visually  plan  his  descent  to  touchdown  near  the  midpoint  On  the  last  flight,  ground  radar 
tiacking  data,  monitored  in  the  control  room,  was  successfully  used  to  advise  the  pilot  when  to  begin  his 
descent.  Figure  3  also  shows  the  di.stancc  along  the  nmwa)'  for  the  various  maneuvers  relative  to  the  run¬ 
way  threshold. 
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5.  FLIGHT  DATA  ANALYSIS 

Dau  from  the  optical  tracking  system  and  aircraft  telemetry  stream  were  meiged  by  lineaily  inteipolating 
the  telemetered  data  to  fit  the  optical  data  sample  times.  The  center  of  gravity,  weight,  and  inerdas  were 
computed  fpom  the  fuel  quantity  data.  The  acceleration  and  angular  rate  measurements  were  adjusted  to 
the  flight  center  of  gravity.  The  noseboom  static  pressure  and  angle-of-attack  vane  measurements  were 
adjusted  for  upwash  and  position  error  using  corrections  developed  from  "out-of-ground-effect"  (altitudes 
above  the  point  where  ground  effect  influences  aircraft  behavior)  fli^it  calibrations.  These  calibrations  were 
obtained  from  tower  fly-by,  radar  tracking,  and  trajectory  icconsmiction  techniques.  The  accuracy  of  the 
static  pressure  error  calibration  i,s  approximately  20  ft  (pressure  altitude). 

The  effects  of  ground  proximity  on  airdata  measurements  were  determiaed  by  comparing  the  onboard 
aerodynamic  sensor  data  (noseboom  artglc-of-attack  vane  and  static  pressure)  to  data  from  independent, 
nonaerodynamic,  sources  (optical  tracking  and  inertial  sensors).  Pressure  altitude  above  ground  was  deter¬ 
mined  by  subtracting  the  current  ground-level  ambient  pressure  from  the  noseboom  static  pressure.  The  test 
site  is  at  an  altitude  of  approximately  2,3(X1  ft  above  sea  level.  Altitude  above  ground  wa.s  also  determined 
from  nonaerodynamic  sensors  by  subtracting  the  runway  altitude  from  the  optically  measured  altitude.  The 
runway  was  modeled  as  a  sloped  surface  defined  in  three  dimensional  space.  The  optically  measured  al¬ 
titude  at  touclidown  on  several  runs  showed  the  method  to  be  accurate  to  within  I  ft.  An  angle-of-aitack 
measuiement  which  docs  not  rely  on  aerodynamic  sensors  was  made  from  a  combination  of  the  onboard 
pitch  attimde  data  and  the  flightpath  angle  determined  from  optical  tracking  data. 

The  total  vehicle  noimal  force,  axial  force,  and  pitching  moment  were  determined  from  the  mass,  in- 
eitias,  and  accelerations.  These  values  include  all  aerodynamic  forces  (including  ground  effect)  and  thrust. 
The  pitching  moment  was  adjusted  to  the  reference  center  of  gravi^.  The  contributions  of  out-cf-ground- 
effcct  aerodynamics  were  estimated  by  the  use  of  a  nonlinear  aerodynamic  database  devclO|red  from  wind 
tunnel  data.  This  database  accounts  for  control  surface  positions,  angle  of  attack,  angle  of  sideslip,  and 
pitch  rates  and  has  been  extensively  validated  with  flight-test  results.  The  database  estimates  were  sub¬ 
tracted  from  the  flight  measured  forces  and  raomehts.  The  difference  generally  included  a  constant  offset  in 
the  data  at  altitudes  above  ground  effect.  This  offset  was  attributed  to  the  effects  of  thrust  or  discrepancies 
in  the  database  and  was  subtracted  from  the  results.  A  nine-point  moving  average  technique  was  used  to 
fair  the  flnal  data.  This  process  eliminated  extraneous  vaiiations  in  the  data  from  sources  such  as  gusts  or 
inaccuracies  in  the  nonlinear  aerodynamic  model.  Figure  4  shows  normal  force  coefficient  data  for  a  typi¬ 
cal  maneuver. 

6.  RESULTS  AND  DISCUSSION 
ti.l  Airdata  Measurements 

The  difference  between  noseboom  measured  pressure  altitude  AGL  and  the  optically  measured  altitude 
AGL  represents  the  static  pressure  measurement  error  caused  by  ground  effect  (A  /ipa,).  Results  from  two 
matKuvers  (fig.  5),  indicate  an  cnor  of  up  to  7  ft  at  touchdown.  This  magnitude  is  consistent  with  results 
from  other  noseboom  systems  (ref.  14).  The  two  maneuvers  shown  in  figure  5  were  conducted  with  con¬ 
stant  throttle  setting.  Useful  results  were  not  obtained  from  the  other  four  test  maneuvers,  which  included 
variations  in  throttle  setting.  Giaugcs  in  engine  thrust  level  appear  to  produce  static  pressure  measuremert 
errors  of  sufficient  magnitude  to  mask  the  errors  caused  by  ground  effect. 

The  comparison  of  angle-of-attack  measurements  from  the  aerodynamic  sensoi  (noseboom  vane)  to 
those  from  nonaerodynamic  sensore  indicated  no  sensitivity  to  ground  proximity.  After  this  was  determined, 
the  angle-of-attack  vane  measurement  was  used  in  the  analysis  of  the  force  and  moment  data. 

ti.2  Norma!  Force 

Figure  6  shows  the  flight  measured  normal  force  increments  from  the  six  ai’alyzcd  maneuvers.  The 
data  indicate  that  ground  effect  is  negligible  at  altiludc.s  above  15  ft  AGL,  or  0.55  h/b.  The  maximum 


noimal  force  increment  (at  touchdown)  is  about  17-pcrcent  greater  than  the  out-of -ground-effect  normal 
force  coefficient.  The  consistency  of  the  results  from  different  maneuvers  i.s  excellent  Throttle  adjustments 
were  niudc  during  three  of  the  maneuvers,  but  had  no  significant  effect  on  the  data. 

The  wirxS  tunnel  data  shown  in  figure  6  were  obtained  at  an  angle  of  attack  of  8“  with  control  surface 
positions  typical  of  the  flight  maneuvers  (—5  ‘-canard  deflection,  —12  ‘-strake  flap  deflection). 

TTie  PANAIR  program  was  used  to  determine  the  sensitivity  of  the  panel  method  ground-effect  predic¬ 
tions  to  modelling  features  for  this  configuration.  In  this  limited  PANAIR  analysis,  features  such  as  the 
cainber  distribution  and  the  orientation  of  wakes  from  the  wing  and  canard  were  varied.  The  results  indi¬ 
cated  no  strong  sensilivitirs  in  the  ground-effect  increments;  therefore,  the  remainder  of  the  analysis  was 
based  on  a  simple  flat  plate  model  of  tlie  X-29A  aircraft  planform  using  the  APAS  code.  As  figure  6  shows, 
the  APAS  results,  using  a  fiat  plate  model,  agree  favorably  with  the  wind  tuimcl  data;  however,  boOi  indicate 
larger  ground  effect  than  the  flight  data. 

The  wind  tunnel  and  panel  methods  are  br  sed  on  a  steady  aerodynamic  configuration  at  constant  height 
above  the  ground.  The  lower  normal  force  increments  observed  in  flight  could  be  the  result  of  a  lag  in  tlic 
aerodynamic  flow  field  as  the  airplane  approached  the  ground.  Figuie  7  shows  tlie  flight  measured  normal 
force  increments  as  a  function  of  the  vertical  velocity  at  =  9  ft  AGL.  There  is  a  slight  indication  tliat 
the  noimal  force  increments  approach  the  steady-state  data  as  the  sink  tale  decreases.  However,  vertical 
velocity  varied  continuously  during  the  flight  maneuvers,  and  the  data  of  figure  7  are  based  only  on  the 
instantaneous  value  of  sink  rate.  It  was  not  possible  to  obtain  flight  data  at  a  constant  sink  rate  throughout  a 
flight  maneuver  for  two  reasons.  First,  the  reduction  in  sink  rate  is  at  least  partially  a  result  of  ground  effect, 
and  second,  it  is  clcady  necessary  to  have  a  low  sink  rate  at  touchdown. 

Figure  8  sliows  the  X-29A  airplane  ground-effect  data  compared  with  steady-state  and  dynamic  wind 
tunnel  data  from  other  configurations,  compiled  in  reference  5.  The  dynamic  data  for  the  XD-70  and 
F- 104  airplanes  were  validated  with  flight-test  measurements.  Figure  8  shows  that  the  differences  cau-sed  by 
dynamic  effects  can  be  as  significant  as  differences  caused  by  planform  variations.  All  configurations  show 
a  decrease  in  the  ground  effect  caused  by  dynamics,  although  this  decrease  is  minimal  for  the  F- 104  aircraft. 

63  Pitching  Moment  and  Axial  Force 

The  flight  and  wind  tunnel  measurements  of  pitching  moment  increment  caused  by  ground  effect  are 
shown  in  figure  9.  It  was  found  that  even  slight  power  adjustments  during  the  flight  maneuvers  produced 
pitching  moments  which  masked  the  ground-effect  characteristics.  Therefore,  data  from  several  inaneuvcns 
which  included  power  adjustments  could  not  be  used.  The  flight  data  .show  variations  at  altitudes  well 
above  30  ft  AGL  (out-of-ground-effect),  presumably  because  of  turbulence  or  other  features  which  were  not 
accounted  for  in  the  analysis.  The  magnitude  of  the  ground-effect  increments  arc  small  with  respect  to  the 
total  untrimmed  pitching  moments  at  these  conditions,  which  may  also  account  for  some  of  the  scatter  in 
the  flight  data.  The  ground-effect  increment  at  9  ft  AGL  is  about  0 .01  nose  down,  equivalent  to  the  pitching 
moment  created  by  an  angle-ot-attack  change  of  only  0  .S®. 

The  flight  and  wind-tunnel  data  agree  poorly.  The  discrepancies  may  be  because  of  dynamic  maneuver 
effects,  as  discussed  in  the  normal  force  data,  or  the  use  of  a  static  ground  plane  in  the  wind  tunnel  testing, 
me  data  are  insufficient  to  explain  the  poor  coneitation  of  results.  In  figure  iO,  nighi  and  wind-imuiul  daia 
at  a  height  of  9  ft  AGL  are  shown  as  a  function  of  angle  of  attack. 

Flight  measurements  of  axial  force  increments  caused  by  ground  effect  were  inconclusive.  The  mtasurc- 
mcnis  were  clearly  sensitive  to  any  variation  in  power  setting  ^  no  reasonable  trends  could  be  developed 
from  the  data.  Wind-tunnel  measurements  of  axial  force,  also  shown  in  figure  10,  indicate  that  values  at  the 
flight-test  conditions  may  be  very  small  with  respect  to  axial  force  of  the  total  vehicle. 
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6A  Pilot  Comments  ReLited  to  Landing 

During  eaiiy  flight  tests  of  the  X-29A  airplane,  pilots  commented  that  the  airplane  tends  to  float  exces¬ 
sively  if  the  landing  flare  ic  initiated  too  early,  requiring  the  pilot  to  force  the  airplane  down  with  forward 
stick  inputs.  As  discussed  in  reference  IS,  this  undesirable  characteristic  has  been  identified  in  other  aircraft 
which,  like  the  X-29A,  incorporate  pitch  rate  command,  attitude  hold  fliglit  control  systems. 

Data  from  the  present  analysis  indicate  moderate  levels  of  lift  and  nosedown  pitching  moments  caused  by 
ground  effect  It  should  be  noted  that  the  canard  generates  positive  trim  lift  when  used  to  balance  nosedown 
giound-effea  pitching  moments.  This  is  contrary  to  most  configurations  with  aft-located  longitudinal  control 
surfaces.  This  additional  trim  lift  may  account  for  some  of  the  float  tendencies  noted  by  the  pilots. 

7.  CONCLUDING  REMARKS 

The  flight-test  program  was  successflil  in  determining  ground  effects  related  to  airdata  measurements, 
normal  force,  and  pitching  moment  of  the  X-29A  airplane.  Tire  results  were  obtained  from  a  minimal  amount 
of  total  flight  time  (ten  landing  approaches).  A  longer  flight  program  may  have  allowed  a  wider  variation 
of  flight  conditions  and  would  have  allowed  greater  pilot  proficiency  in  conducting  the  test  maneuver. 

The  static  pressure  measurement  error  caused  by  ground  effect  was  identified  and  is  consistent  with 
other  aircraft  which  use  noseboom  systems.  The  angle-of-attack  measurement  was  found  to  be  insensi¬ 
tive  to  ground  effect.  The  flight-measured  noimal  forces  in  ground  effect  were  up  to  17-percent  greater 
than  the  out-of-ground-effect  values.  The  increases  predicted  by  computational  or  wind-tunnel  methods 
were  substantially  greater  than  those  encountered  in  flight  This  discrepancy  has  been  demonstrated  for 
other  configurations  and  has  been  attributed  to  the  dynamic  nature  of  the  flight  maneuver.  The  difference 
between  dynamic  aiad  steady-state  ground-effect  results  can  be  of  equal  magnitude  to  differences  related 
to  conflguratioa 
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Table  1.  Piiysical  characteristics  of  the  X-29A  aircradt. 


Reference  area,  ft^ .  1  ^.0 

Rcicrcncc  span,  ft  .  27,2 

Reference  chord,  ft  .  7.21.5 

Aspect  ratio . 4.0 

Quarter  chord  wing  sweep  angle,  deg .  —33.73 

Rcfcicncc  center  of  gravity  .  Fuselage  .station  451 

Empty  weight,  lb .  13,948 

Useful  load,  lb  .  3,882 

Fuel  load,  lb  .  3,662 

Gross  weight,  lb . 17.830 

Engine . GE-404-.TtX) 

Sea-lcvci  static  thrust,  lb  .  16,012 
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Figure  3.  Runway  and  optical  Hacking  system  Figure 4.  Might  data  with  fairng. 

layout  and  relative  location  of  ground-effect 

maneuvers. 
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Figure  5.  The  A  during  i  a^o  maneuvers. 
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Figure  6.  Tile  as  a  function  of  height  AGL. 
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Figure  7.  Percentage  increase  in  nonnal  force  coefficient  cauiied  by  ground  effect  as  a  function  of  instantcous 
vertical  velcKrity. 
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Figure  8.  Percentage  increase  in  lift  coefficient  caused  by  ground  effect  uixler  dynamic  and  steady-state 
conditions  for  a  variety  of  configurations.  Data  for  delta  wing,  XB-70,  and  F-104  aiaraft  from  reference  5. 


Figure  9.  The  A  Cmos  ^  function  of  height  AGL. 
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Figure  10.  Vaiiation  in  ACmo,  and  /  7^4—  as  a  function  of  angle  of  attack. 
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SUMMARY 


ONERA  and  Aerospatiale  have  conblned  tlielr  meant*  to  solvo  the  prcblens  of  tlie  determination  of 
ground  effect  In  wind-tunnel  :  ground  eintilalloa,  wall  and  support  effects,  aerodyoHinlcs  conditionu. 

Teats  have  been  rartled  out  tn  SIKA  wlnd-tunnul  (ONEKA,  Modano  center)  on  a  Urge  Kcole  model 
of  A320,  with  power  siuuiatlon- 

This  paper  pveaencs  : 

•  a  description  of  the  model  and  its  installation  in  wind-tunnel  ; 

-  the  boundary  layer  processing  for  ground  simulation  ; 

-  the  principle  of  support  and  wall  corrections  ; 

-  the  coQpui'lson  of  the  winJ-turinol  tests  results  with  tJlglii  tests  results  (anctnnDicLry^  clfuuinctry,  On- 
fluxion  on  the  tail,  lift  conf f Icleuc ). 


RESUME 


L'ONKRA  er  paLiale  out  joint  Icurs  moyenu  pour  r^soudre  au  mieux  lee  probl^ues  Hus  A  la 

determination  des  effete  de  sol  en  soufflerle  :  eluulstioii  so  sol,  effets  dng  parols  et  dee  supports, 
conditions  n^rodynaalquee* 

L'effet  de  sol  eur  I'avion  a320  u  Ete  6lsbll  A  l*iic,.a8lon  dcs  vssais  d'une  niH((uette  liyperuus** 
tentAe  A  I'^chulle  1/7,6,  ei]ulp(e  de  sinuleteurii  de  rencteurs*  Cut  essitl  a  cu  lieu  dui'unt  I'liivcr  1936- 
1987  dans  la  grande  soufflerle  SIMA  du  Centre  de  Modanc-Avrieux  de  i'ONEKA* 

L'expua6  pr6sento  : 

-  1ft  desrrlptluu  de  la  maquette  et  du  montage  d'essai  ; 

-  le  tralteaenl  de  la  couche  limlte  du  planchcr  pour  in  simulation  du  sol  ; 

-  le  prlnclpe  dcs  corrections  dc-  parols  et  de  nuppori  ; 

-  la  couparaison  des  r6sultate  obCenus  en  soufflerle  d  ceux  obtenus  lore  des  essals  en  vol  (an^mom^trle, 
cllnun^trle,  deflexion  noyenne  au  dt^ll  de  I'empennage,  coelllclent  du  poT.-mcc). 
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1  -  lanoDOCTioM 


L»  d§terulnatlon  avant  la  pranler  voL  do  I'effet  de  eol  auqual  tout  avion  aera  soutDls  est.  un 
deu  aultlplea  objeccifs  d'un  bureau  d'^r.udes. 

Lea  eaaaia  en  aoufl'lerle  aur  une  aaquette  repr£eancant  au  nleiix  I'avlon  r£el  ont  toujoura  St£ 
I'lnatruaant  prfftrS  da  cetta  fituda* 

Da  Caravella  at  de  I'Alrbua  A300U  Jusqu'.^  l'A320  en  paaaant  par  l'A310,  bien  des  B^tUodes  et 
dea  aoyens  d'aaaala  unt  (vo.lu€« 

Si  la  prlnclpe  de  la  alnulation  du  aol  par  un  plancher  -qualquefoie  un  plafond-  eat  deneurS,  la 
traltaoient  de  la  couche  Unite  eat  allG  en  a '  aaflioraiit  ;  lea  calcula  de  correctlona  de  parole  at  de  aup- 
porta  ont  baaucoup  progruaaC  i  lea  maquuttea  ont  ccQ  en  dlnenalon  et  en  fineaae  de  repr^.aentutlon  dea  d^- 
Valla*  Et  cette  SnuB^rution  n'eat  paa  exhauetlve. 

L’avlun  A320  est  le  dernier  dea  Airbus  -aaia  cerialncoenc  pas  I'ultlme-  A  avoir  profit^  du  cec- 
te  experience! 

['loua  allone  exposer  ce  que  i'urent  Lea  itoyer.a  d'easaie  d^velopp^e  psr  I'ONERA  en  ces  circonatan'- 
cest  puls  quels  fure.it  l-'s  rCaultata  llvrCa  par  l.a  eoufflerle  A  l*A6roapatia]e  et  conaent  ils  sa  cooipa- 
rent  A  ce  quo  donna  lo  vol  quelquea  ntolfi  plus  tsrd. 


2  mQOgTfB 


Lea  essdla  d'effet  de  ont  effectuSa  aur  une  maquelte  de  1 'Af rospatialet  repi^sentunt  A 
I'Sclielle  1/7|6  I'avlon  AJ?n  (fig*  1)4  L>e  alnilltude  la  pluo  parfalte  possible  avec  I'avion  rSel,  noiam- 
nenl  dans  les  conflgurst Lena  de  d£collage  et  d ' at terrlsaage  a  4ti  nScessalre  pour  obtenlr  I'effet  dr  sol« 
non  aeuleocnr.  sur  I'avlon  coctplet  en  terme  da  coefflclence  a£rodynamlquea,  mals  6galet>enE  aur  I'lnstru*’ 
aentatloii  de  I'avlon  (an^uomgtrle  et  clinon^trie),  lea  efflcaclt^s  de  gouverneo  ou  la  deflexion  moyenne 
au  drolC  <i«  I'enpeunage  ;  cecl  a  conduit  A  une  maquecte  des  plus  sophl8tiqu(e»  tant  du  point  de  vue  de  In 
glrn^'irle  que  de  celul  de  I'^qulpecent* 

2.1-  Donnies  g4<wrftglquas  -  CociflgurBtlQiK  (fig*  2J 

Conque  par  i'Airospatiale  pour  des  esuals  d'effel  de  sol,  nals  igaleucnt  pour  des  essala  d'ln** 
verscuru  de  pouasSe,  la  auiquette  eat  SqulpCe  de  deux  nacelles  molorleies  avec  des  slaulaceurs  de  23  ca  de 
dlaaAtra  (It'S,  Turbo  Powered  Slnulator).  Ces  nacelles  reprAsentent  soil  le  aoteur  CFM^b,  soil  le  Boleur 
lAb  V2SOO,  et  cs,  en  Jets  directs  ou  Inverses.  Lea  rAsultaCs  des  Inverseurs  de  poussfe  oni  fait  I'objet 
d'une  publication  particullAre  (!]<  Leu  rAsultats  priKentia  dana  cette  ronuaonlcailon  sont  leaus  dea  es- 
sala  de  dAteEnlnatlon  syatAoatlque  des  effete  de  sol  effcctuAa  avtc  simulation  ties  moceurs  CFH. 

La  vollnre  est  AqulpAe  dc  loutes  ses  patties  isoblles,  dont  Ic  braquagu  ust  posltlonnl  A  I'ar- 
rAc.  A  des  valeurs  prAdAtecBlnies.  Les  bees  do  bord  d'atteque  peuveni  Sere  braquAs  ‘n  0,22  ou  AO  degrSa  \ 
les  volets  de  bord  de  fuite  A  0,  20  ou  40  degrAs  ;  lea  spoilers  et  sArof reins  A  U  ou  50  dugrAs  ;  les 
ailerons  I  -  Id,  0  ou  16  degrAs. 

Le  train  d'atterrlasage  de  la  naquette  est  cscaaiotable  ;  dans  la  configuration  "train  sortl", 
11  est  posiclonnA  aoit  dans  la  configuration  "anortisseurs  enfoncAs"  dans  Ic  caa  oO  I'uvion  est  au  wol, 
sans  porcance,  solt  dans  la  configuration  ‘’cBorcIsseurs  dAtendus*',  dans  les  phases  d'approchc  et  de  dA- 
collage.  L'Acart  dc  poaltionneBeut  reprAsente  0,43  m  (56  ruo  A  I'Achelle  de  la  loaqueLte). 

Le  pclnte  arrlAre  de  L'apparell  est  covapoaAe  de  la  dArlve,  avec  gouverne  d*  direction  BototlsAc 
(+  30  degiAs),  et  de  I'eapeimage  horizontal,  qul  eat  dAaontable.  La  position  angulalre  de  I'sBpcnnage  eat. 
aotui'lsAc  (+  5  A  -  15  degrAa),  aliisl  que  celle  des  d.>iix  gouvernea  de  profondeur  gauche  et  drolte  (+  15  A 
-  30  degrAs). 


L'anvergura  de  la  Baqu<.tLc  cat  dc  4,5  ■  ;  le  dia^tre  du  fuselage  est  de  0,5  b  pour  une  lon¬ 
gueur  de  3  B  ;  la  adsse  dc  la  Baguette  avec  tous  sea  Aquipeaenta  eat  de  I  600  kg. 

2.2  -  KqalpBBSBt  -  Iteauxee  [fig.  31 

Lea  essala  de  la  aaquetl;e  de  l'A320  ont  coaportA  dee  aeaui-ea  o'efforts  aArodynanlquea,  de  pres- 
slon,  de  tnapArature,  de  dibit,  do  pasiclonneaent  de  gouvernea,  et  de  posltlonnement  dc  la  naquette  (an¬ 
gles  d'lncldence  et  de  dArapage,  hauteur  de  la  Baguette  par  rappurt  au  sol). 

La  aesutc  dea  efforts  sur  une  aaguette  coaplAte  avec  slaulatlon  des  aoteura  a  nAceaultA  la  rAa- 
III  cion  d'une  balance  dard  A  six  coaposantes,  avec  traversAe  d'air  coaprlaA  (fig.  4).  Cette  balance  ao- 
iiobinc  eat  coaposAe  de  deux  cubes  concencrlques  rellAs  par  six  laaes  dynaBoaAcclquea .  Le  tube  externe, 
pesA,  revolt  le  fourreau  de  la  aaquette  aur  deux  portAcu  bIcuArs  A  aes  extrADltAs.  Le  tube  Interne,  nun 
pesA,  Bupporte  A  I'aaont  le  dlapoaltlf  de  dAcouplage.  Celul-ci  eat  conatltuA  de  quatre  soufflets,  noncAa 
perpcndiculaireBent  A  I'axc  longitudinal  de  la  balance  entre  les  tubes  fixe  et  pesA.  La  prAsence  de  cea 
soufflets  engendte  deux  types  de  dlfflcultAa  :  11s  prAscntetit  tout  d'abord  dea  rlgidltAa  en  paralldle 
avec  la  partle  aenaible  de  la  balance,  qul  peuvent  aglr  aut  les  coefficients  de  sensibllltA  dynaaoaAtrl*- 
que  ;  de  plus  dea  dAlauts  rAslduela  dans  la  fabrication  et  le  aoncage  dea  dAcoupleurs  engendreni  des  ef¬ 
forts  parasites  lore  de  la  aise  sous  presslon  des  canaliaatlona  d'air  coapriaA.  tin  conaAquence  I'Atalon- 
nage  de  la  balance  est  effectuA  en  prAsence  du  dlapoaltlf  de  dAcouplage,  avec  et  sans  presslon  dans  lea 
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dCcouplouTk.  Pour  la  balance  conceruSei  I'effort  parasite  sur  la  coopoaante  la  plus  sensible  esl  ou  maxl- 
nun  de  0,4  %  de  la  capacity  noalnule  da  la  balance  ;  la  variaiion  de  aenaibllicS  avcc  la  preasion  esc  n€*- 
gllftcable*  II  cat  tenu  coapto  de  ces  covrecttonii  dans  le  caicul  dea  rSeultata. 

L'enoenble  dUbitsiStrlquc  pernettant  la  regulation  at  la  aesure  de  d£bit  d'olr  comprlDse  aline.n-- 
tant  lea  nacelles  est  moncS  dans  la  polncw  avant  de  la  naquette*  II  eet  flx£  entre  la  partie  pes6e  du 
dispnaltlf  de  d^couplage  d  I'auont,  ec  les  canaliaatlons  tcaversanC  la  vollure  d  I'aval.  Get  enseiLble  eet 
coBpcsb  d'une  vanna  d'entrSc,  utllls^e  pour  la  alse  sous  pressloit  da  la  balance,  sans  d6bit,  de  deux  van- 
nes  de  regulation  permettant  de  rCgler  indSpendaouneot  la  ddbit  sur  chacune  das  nacelles,  et  dc  deux  d$- 
blcndtrea  A  col  sonlque  pour  la  nesure  das  d6blt;»  ;  ce  dlspositif  a  £talonn£  avant  lea  eeaals  pour 
•  'assurer  du  bon  accord  antra  las  dlflSrenta  1.0x008  de  aesure  du  d^blt  au  banc  d'£talonitage  dee  nacelles 
et  en  essal s. 

TuuCor  les  v.innca  InarallCrs  dans  1a  aaquette  aont  c414coniDLsnd^es  depuls  la  sails  de  pilotage 
de  la  Boufflerie* 

La  oaquette  eat  £quip£e  de  600  prises  de  presslon.  Plus  de  3C0  d'entre  elles  concernent  seule- 
nent  lee  nacelles  ;  elles  eont  I'bpariies  en  priaes  de  presslon  parKcale  sur  les  entefies  d'sir  et  les 
infitB  eL  un  prises  da  presslon  interne  dans  les  cuydr-  a  prloalre  et  secondaire  du  uoteur  ;  ccs  dernidres 
sonl  utlllsSes  pour  racalculer  9  parcir  des  ^taloniiagu.-i  le  d£blt  ct  la  pouas6e  des  noteurs. 

Qulnie  proflls  de  la  vollure  et  unc  cordc  dc  I'eupennage  sont  @quip@e  en  prlai’H  de  presslon 

parl£ta ■ e. 


Oca  presaions  statiquae  eont  nesur^es  dans  les  deux  zones  du  nez  du  tusclage  oD  sont  situfes 
las  prises  an^oomScriqueo  de  I'avion  (prises  pilote,  copllotc  et  prise  de  <iecourB). 

Lea  incidences  locales  aux  eaplacanants  oO  se  trouvant  les  glrouettes  d' incidence  de  I'avion 
aont  mesurSes  par  des  sondes  clinocD^triques  9  cinq  cruus,  qul  ont  Itslonnfes  dsns  la  aoufflerle  F2  de 
I'ONbKA,  ou  Centre  du  Fauga-Mauzac,  dnns  des  conditlona  de  aontage  et  dc  fixation  analogues  9  celles  nur 
la  aaquette. 

L'assiette  longitudinale  dc  la  maqueCCa  eat  fournle  par  des  IncllnOKt^tres  places  sur  la  pldce 
de  fixation  de  la  aaquette  sur  la  balance  at  ^talonncs  une  fois  en  place*  Le  d^rapage  de  la  rauqucLte, 
jusqu'9  130  degris,  obtenu  par  rotation  du  niSt  central,  est  calculi  9  pariir  dee  Indications  de  cc  nSt  t>t 
dee  difotiostlona  du  support  ct  da  la  maquette  ecus  les  charges  qui  leur  sont  uppllqu^as. 

L'allltude  de  la  naquettc  eat  dfifinie  coome  4tant  la  hauteur  du  centre  de  gravity  de  I'dvion 
par  rapport  au  sol  ;  elle  depend  done  da  la  position  du  ndt  aupport  et  de  I'aoelette  de  la  saquette*  La 
hauteur  nlnlmale  admissible  lore  das  essais  en  Incidence  est  celle  qul  correspond  aux  roues  3  I  cn  du 
sol,  9  l'assiette  maximum  ;  cette  hauteur  est  de  0,473  n  lors  des  essals  avec  le  train  d'ai icrrJ ssuge  en- 
fouc6,  et  de  0,33  m  lors  dee  easels  avtc  lea  anortisseura  d^tendus.  Pour  les  altitudes  de  Is  oiuquelte  in- 
fCrleurea  9  I  m,  Les  eeseis  ont  (t€  oenls  eii  ajuscant  la  position  du  mat  9  chaque  puaiticMi  cii  Incldeiicc 
d«  oanldre  9  coneerver  la  hautour  de  la  maquette  constante.  >ui  precision  de  posit lonnement  en  hnutvut  usi 
dt  I'ordre  du  ttiliim^tre* 

Les  repartitions  de  presslon  et  tea  prufils  de  vitesse  sont  relovSs  au  planchcr  dc  In  soulfle- 
rle  simulant  lc>  sol* 

L'onseoble  dc  I' instrumentation  a  n^cesslt#  une  centalne  <je  voles  dc  mi^surc,  icu  ictnpOrn lures 
et  la  plupart  des  mesures  de  pressinn  £iant  pour  leur  part  soua**coiai£Ut(es. 


3  -  wnuis  KT  T»aPil<)lJlIS  D'ESSAI 


3«1  -  Soufflarie  -  Montage 

Les  essals  d'effet  dc  sot  ont  6t6  eftectu^s  dans  la  veine  n"  ^  de  In  aoufflcrlc  SIMA  de 
I'OUEKA,  inBtaIl§e  au  centre  de  Kodsne-Avrleux* 

La  soufflerle  SIMA  eat  une  souft'lerie  continue,  atmosph^rlquo,  dont  Ic  dumalne  de  vlLubses  b'£- 

te..id  depuis  les  tr9a  basses  vltesses  jusqu'd  un  nombre  de  Mach  volsln  de  1.  Tiols  velnes  d’exp^rleiice  Ln- 

terchangeables  peuvent  uirillsPcK.  Ceu  vclnuv  ont  unc  section  clrculairc  d--  3  m  dc  dlnmi'irr  et  une 

longueui  de  14  o* 

La  veine  2,  utlliaCe  pour  lea  esanls  9  basses  vltcsscs,  est  §qulp£e  d'un  dlspusltii  dt  mccu- 

nlqiie  du  vnl  (d^numm^  mflt  SILAT),  9  deux  degree  de  llbert€  :  translation  vurtlcalu  ct  rotation* 

Le  sol  est  eimuK  par  un  plancher  horirontal.  sliu^  9  1,93.1  u  en-dcssoua  de  I'axe  de  la  veliie, 
dont  la  couche  linite  iiaturelle  est  souf^l^e  par  de  I'alr  coapTlD§  (Ject(  par  une  t'ente  transversale.  La 
mise  au  point  de  la  simulation  du  sol  a  fall  I'objet  d'^tudea  partlcull^res  qul  aunt  dScritea  au  parugra- 
phe  3.2*1. 


Le  montage  di-  la  maquette  dans  la  veine  esc  schEnuitiB^  sur  la  figure  3*  A  I'uxirGoltC  aupirleu- 
re  du  biBl  vertical  est  montS  un  dlspositif  de  mise  en  Incidence,  autorlsant  des  d^buttements  angnlalrea 
de  -  4  9  i-  15  degrfis,  et  sur  lequcl  vlent  se  fixer  lo  ba'ance,  supportar.t  la  maquette*  L'^tanch^ltS  de  la 
maquette  dans  la  partie  liif^rleure  du  fuselage,  9u  niveau  de  la  Jonctlon  avec  le  mflt,  est  assurSe  pur  un 
tlroir  couliesant  ll£  9  la  maquette  el  dont  la  force  d'appul  sur  le  mfit  est  oesur^e  par  uu  dynamondtre. 
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L'alr  conprlm^  d  haute  prcasion  n«;cciia«itre  d  I'entralnement  dee  turbines  provient  d'un  stockage 
d'alr  de  23  a  270  bars  alioente  an  permanence  par  un  compreseeur  d£bltant  2,7  kg/s.  Get  alt.  flltr&  3 
12^ni  eL  malntenu  3  temperature  constante,  tranaltc  4  presalon  cunetante  (43  bar»)  3  I'itit^rieur  du  mSt 
Vertical,  du  dlaposltlf  de  miec  en  Incidence,  de  la  balance  ec  dea  d^coupleurs  j  il  net  enaulte  dlsiribuS 
d  chacun  dee  ooteura  li  I'alde  du  systdme  d^bitoStrlqiie  embarqu^  ;  Le  d6bit  maxluum  pour  lea  deux  ciuteurs 
eat  de  3  kg/s> 

3«2  -*  Tachpj^ue  daa  la 

La  difiternlnacian  de  I'effet  de  aol  aur  une  maquette  en  auufflerie  a  n^ceaslt^  des  ficudea  eC  ei:- 
p£rlences  litica  i  la  nature  uSae  du  probldac  :  la  elaulatlon  du  aol  et  le  dfplacement  de  la  maquette  dans 
la  veine< 


L,e  planchcr  de  la  aouffierie  no  presence  pan  len  sidmee  carncC^ristitjuui*  que  piste  d'un  s£ro- 
drone  eur  inqnelle  I'uvion  se  puse  du  laic  du  d^veloppement,  en  soufflerie,  de  la  couchs  liolte.  La  eimu-* 
latlon  du  sol  conalste  done  d  s'affranchtr  de  cettc  couche  llmite^ 

11  cunvient  ensulce  de  ne  paa  attrlbuer  d  L*effet  do  aol  d'^ventuelles  hSt^rog&niitf a  de 
coulenent  dans  la  velne  d'essai-  See  caracl£riatlquou  en  vlceaae  et  direction  dulvenu  6tre  parf al Leuient 
d£flnles  dans  le  volume  balay£  pur  la  maquette. 

Enlln,  la  presence  du  support  ct  des  parols  de  la  vcine  engendrenc  des  perturbations,  dlffgrsn- 
tes  scion  la  position  de  la  maquette,  dont  11  fauL  tenir  compte  dans  les  r^aultsta  flnaux. 

3t2.1  -  Simulation  du  sol 

La  simulation  du  uol  eat  obtenue  par  souftiage  de  la  couclic  llmite  qul  se  d^veloppe  naturelle- 
nent  sur  le  plancher  de  In  soufflerie-  Le  souftlatfe  s*e(fectuc  par  one  fente  de  5  m  de  long  pour  1  mm  de 
hauteur,  sltu6e  3  5,16  u  du  bord  d'attsque  du  plancher,  solr  d  deux  cordes  du  centre  dc  r^fPrence  He  la 
maquette  situf  d  23  2  de  la  corde  aCrudynsolque  moyonne* 

La  sitoulatlon  [>ar  soufllage  a  (alt  I'objet,  dsns  un  pruDler  temps,  d'flucivs  el  d '  expC’i  Icncea 
rdslisfies  dans  la  soufllorle  SlU  du  Centre  d'Lssais  Aeronaut iques  de  Toulouse. 

L'adsptation  au  css  de  la  maquette  do  l'A320  a  ensulce  fait  I'objcl  d'^tudes  tli^orlques  cn 
amunt  des  easals  et  d'^tudea  uxp^rluentales  en  soulflerie. 

Lies  Etudes  cliloriques  out  menlee  i  pariir  d'uii  prograwme  de  cslcul  de  couciie  Knlte  souf- 

fl€e,  bldloenslonnelle,  an  milieu  Ir.coapreeulble,  preiiaiU  en  compte  lee  elfets  de  gradient  dc  pteesioii 
statlque  (veins  d'essai  eC  champ  de  la  maquette).  Le  d^blt  d«  soufflage  a  alnsl  optlnis^  de  munldre  3 
nbtenlr,  sur  le  plancher,  une  Cptiisseur  de  dSpiaceoent  de  la  couclie  Jimlte  r6duite,  et  snns  variation  no” 
table  ou  droit  de  la  maquette,  ainsl  qu'un  profll  du  vllesse  dans  is  couche  llnlie  Ic  plus  acceptable 
possible,  sans  aou8-*vi  teases  ou  survltesses  ti'op  ioportantes  au  plancher.  Lc  d^bli.  opLlnam  chIcuK:  ^tait 
de  1,9  kg/s  i  un  iiombre  da  Mach  de  0,2* 

Les  cslculs  out  Igalemeni  dCuuntr^  <)ne,  sans  soufflage  de  la  couciio  I'niite,  le  gradient  de 
pression  posltU.  dO  su  champ  dc  la  vuliure  pruvuqualt  un  not  ^palsslssement  de  J '^paJsst'iir  dc  rirplnri'- 
mont,  male  osns  provoquer  cep«  ndant  son  dScollnwent* 

L'dtude  exp€rimcntale  s  pori£  sur  I'allure  des  lignes  de  courunl.  au  planciu'i  Je  la  soultlerle, 
devant  slmuler  le  sol  d'un  aerodrome,  sans  couche  iloilte,  done  en  fluidc  p-^rCaii. 

Dans  UK  premier  temps,  1 ' Af-t oepat Isle  a  calculi  les  llgnce  de  courstu  su  planchcr  dc  la  suut- 
(lerle  en  fluids  parfaJc,  pour  deux  incidences  de  la  luaquette  (  o(  -  0  cl  0(  -  6  degrfs),  d  une  altitude 
donnle  (h  *■  0,33  m),  (llgnea  "flulde  pariait'*  dans  les  flgureo  6  el  7).  Ces  llgncs  soiit  eoJ  les  que  dc- 
vraieiit  aulvre  lea  filets  fluldes  suns  ph^nom^ue  vlsqucux. 

La  Direction  de  1 'A^rudynamique  de  1 'oNrKA  a  auperpou^  d  ce  chump  fournl  en  tlulde  parfult  la 
couche  llmite  de  la  soufflerie  et  a  altisl  dSteruln^  ce  qne  devlnnl  la  llgnc  du  cuur.int  parl6lale  Inltialu 
i’n  flulde  parfalt  en  presence  de  la  couche  limice  (Ilgne  "Iluide  vlsqueux").  C«lle''cl,  cotamc  Ic  montrenl 
la  figure  6  ou  la  photographic  dc  la  figure  7,  eat  iorteiaent  device  vers  I'extbrleur. 

Une  experience  a  otenSe  en  visualisani  d  I'alde  ril^i  de  Iclnc  la  JlvectUni  des  llgnes  de 

courunt  au  eol  et  eii  mesurant  lea  profile  de  vitesse  dans  la  couche  iloite  d  I’alde  d'un  pcigne  slLu&  2 
0,84  m  en  aval  du  la  fente  de  suiif f lage.  I.c  r6sullat  esL  pr^uuntf^  sur  la  figure  0  puur  une  Incidence  de 
8  degree  et  un  nombre  de  Mach  de  0,20. 

Sans  souftla,{e  dc  la  couche  iimite,  les  fils  de  laliie  su '  vent  sssez  bleu  la  llgue  de  courant 
"flulde  vlsqueux",  except^  dans  la  zone  3  fort  gradient  transversal  ;  la  couche  llmtCe  aBsocl5e  presence 
un  aspect  classiquu,  avec  une  Cpalsseur  de  I'ordrc  dc  130  mm. 

Un  d^blt  de  souftlage  moyer.  (1,6  kg/s)  provuque  un  redressement  des  llgnce  de  courant  et  leu 
fils  de  'line  se  supevposent  bier  avec  la  Ilgne  de  courant  "flulde  parfaii"  que  ce  soil  en  amont  ou  en 
aval  de  i  vollure  ;  le  niveau  de  sutvitesse  observe  dans  la  couche  limlte,  dO  au  souftlage,  eat  prutl- 
quement  iml. 

Un  d6blt  de  soufflage  excesslf  (2,3  kg/s)  redresse  irop  les  llgnes  ilc  courant  au  sol  et  provo-- 
qup  de  grandes  survltesses  dans  la  couche  limlte  i  proximity  du  sol. 

Leu  expSrlencea  rlalls^ew,  qul  pe  sont  rfv£l#es  ^tre  en  boa  accord  avec  les  calculs  thSorlqucs 
pr&l Imlnalres,  unt  conduit  aux  debits  de  soufflage  de  1,75  kg/u  d  un  nombrv  dc  Mach  de  0,20  et  de 
2,2  kg/s  pour  un  iiumbre  de  Mach  dc  0,23. 
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3.2.2  -  Etalonnnge  de  la  veXne 

Lee  conriltlons  g^fi^ratrlces  de  .1 'ScoulctaenC  noat.  mt!0uf£«s  dunu  la  chanbre  de  cranquilllsatlon 
de  la  soufflcrle  (24  is  de  diasdtre).  La  preaalon  acatlque  de  r£f£renee  eat  aeaurSe  par  uue  Bonde»  dont 
lea  prlaea  eonc  alcuSea  d  1  tn  an  aval  de  I'enct^e  de  velnc.  Un  ^talonnage  de  la  veine  a  parmla  (i'£l:abllr 
la  relation  llant  cecte  prc-ealon  atatique  i  ceil«>  regnant  au  centre  de  reduction  dee  eiforca  de  la  na-’ 
queCte. 


L'^talonnage  de  la  veine  a  effectu4  avec  unc  sonde*  meauraiit  lea  repartitions  longltudina- 
iea  de  preaalon  ataLlque  aur  une  longueur  de  6,6  u,  ec  ce,  A  troia  hauteura  au^dUBaus  du  plancher  de  la 
Veine  :  0,65  n,  1  bi  ei  2,45  n.  Lea  r^aultata  ont  d6aontr4  (fig.  8)  une  tria  bonne  hoaiog6ii41t6  de  l'6cou- 
lement  aelon  I'altltude.  Au  point  de  r£f6rence  de  la  saquette,  altu6  d  6,2  d  de  i*enti'6e  de  Ja  veine, 
l'£cart  de  nooibra  de  Mach  entre  la  prise  de  r£f6rence  et  la  sonde  de  prcnalon  statiqiie  eat  ronstjnc  quel¬ 
le  que  soli  I’alclcudv  ;  Ic  gradient  de  riO(nbr«  de  Mach  eat  Lr^a  falble  (inf£rleur  a  0,001/d)  Dais  augmen- 
te  cependant  l^gdreioent  loraque  l't>o  ae  rapproche  du  aol.  Le  Huufflage  du  plancher  n'eat  perceptible  qu'd 
I'altltude  la  plus  baese  et  A  un  -bit  sup€rleur  d  2  kg/a.  Cat  etfet  eat  cependsnt  inferieur  au  deul- 
millldme  cn  nonbre  de  Hacii. 

Le  gradient  de  preaalon  atatlque  a  engondr6  une  correction  He  pousa^e  d’ArchlD^de,  ne  dependant 
quo  de  la  hauteur  de  la  oaquette.  Etant  donn£  la  grande  dlnenalon  de  la  naquecte,  lea  prlaes  de  preaalon 
an^DOBidirlque  out  Et6  r^f^tenc^ea  A  la  preaalon  atatlque  rAgnant  A  leura  eaplaccuents  en  I'absenco  de  la 
naquette. 


3.2.3  ~  Cllnoagtrie  do  la  veine 

La  d£teralnation  da  I'aacendance  dc  I'^couleueiit  dans  la  veine  d'easul  ne  peut  no  falre  par  la 
uSthode  claaalquo  du  retuurnenent  de  la  maquette  du  fait  de  son  mode  de  fixation  par  mfii  central. 

L 'ascendance  de  veine  a  4t6  diterciln^e  par  aondage  de  l'€coulement,  an  droit  du  mAt  support,  A 
I'alde  de  uondee  cIlnoD^triquos  A  cinq  troua. 

Ihi  taSi  horizontal,  8qulpl  de  dlx  aonriee  cllnoaAtrlquea  espac^ee  de  500  dud,  eat  pualtlonnA  A 
quatre  altlludea  dans  la  veine  d'eaaal  (0,5  m,  I  m,  2  m,  3  a)  (fig.  9)  ;  les  sondagep  sent  effcctuC'N  cn*- 
tre  -  1,6  o  et  +  2*9  □  ea  envergure. 

Lea  rfieultata  obteiiua  sont  corrlgga  du  dSfaut  de  aunde,  d6ceroln(  par  retouraenent  de  la  sonde 
aeule,  et  de  I'etfet  de  chaop  alrodyaamlqiie  du  nit  support,  calculi  th^orlquuDcat ,  mats  doat  la  valeur 
(0|06”)  a  6l£  v^rXflAe  expirliaentalement  par  retourneoent  du  dAl. 

Lea  rfsultAta  obteiiua  aelon  i'eiivergure  et  I'altltude  aoiil  pr^aent^a  llgnre  9  d  un  aoobre  de 
Had)  da  0,25  ;  lea  valeura  dea  aacendancea  de  veine  locales  aoat  Ind^pendantea  du  nuubre  de  Mach.  I’our 
I'exploUatlon  dee  esaala,  une  correct  lua  unique  a  8t6  calculge  par  altitude,  en  faiaaiu  la  Doyenne  dea 
oesurca  locales  dans  la  aonv  coiicei'aCe  par  la  oaquette  2,3  d).  Cette  valeur  Doyenne  eat  de  0,09°  A 
0,5  ffl  de  Imuteur,  crott  A  0,18°  A  2  m  de  hauteur,  et  dlulnue  A  0,12°  A  une  altitude  da  3  o. 

Le  aoufflage  du  plancher  n’a  6t6  perqu  qu'A  la  hautfur  mlnlDun,  oals  evec  une  amplitude  n6gli- 

geabie. 


3.2.4  -  Correction  de  support 

I.'influence  du  oA'.  support  central  a  4t6  d4Lerula4e  dane  la  soiifllerle  S4  du  Centre  d'Esaais 
A4ronautlques  de  Toulouse  (CEA'f),  sur  une  maquettc  A  l'6chelle  1/23,  roprfaentotlve  d’ua  A320. 

La  aaquette  eat  rell6e  pur  uii  montage  "J  mAte”  A  une  balance  qul  meaure  lea  eftorts  a4rodynauil'~ 
ques  ;  le  isannequin  du  oAt  ventral  eat  approciiS  du  fuselage,  aans  contact  nvec  celul~cl.  Son  Influence 
eat  dAdulte,  pour  diff^rentes  conf Iguratlona,  incidences  el  altitudes,  de  la  conparaloon  avec  et  aana 
aAt.  Troia  aeetlana  de  dAc  dlfiCrentes  ont  4t4  slmuXAes. 

Lea  rAaultaCa  out  dAoontrA  que  I'tnflueiice  du  nAc  sur  les  coef f Iclerti  a^rodynamlquus  longiLu'' 
dlnaux  eat  proportioiinelle  A  la  section  du  oAt,  mala  est  IndApendantc  dc  1 'Inc  I  deace,  de  I'altlcudc  ot  de 
la  configuration  d ' hypersustentation  de  la  vol lure. 

Oca  corrections  one  £t4  anpoeffes  aux  r^sultats  {^CZ  '  0,03  ;  •  0,01  ;  •  0,001]  mala 

etanr  constanteo,  ellea  a’ Intervlennent  pas  dans  la  dCteroliiatlon  de  I'effet  de  sol. 

II  faut  nrAclaer  £galeocnt  que  les  pressLona  an^mom^trlques  au  nez  du  1' avion  ont  coirlgSes 
d'un  champ  de  preaaion  du  mdt  calculA  tliAorlquemcnt . 

3.2.5  -  Corrections  deg  effete  de  parols 

L'effet  de  sol  eat  dAfliil  comae  Atsiil  I'Acart  dca  caraccAriatlques  aSrodyitamlquea  A  Iso  Inci¬ 
dence  entre  I'avlon  en  staosphAre  Inflnle  et  I'avion  A  proxlDliA  du  sol. 

Lure  dea  esaala  e.i  soufflerie,  aucun  de  ces  cas  n'eat  parlatteaent  alaulA  A  cause  de  la  prAaea- 
ce  dea  parols  dc  la  veine  ;  lee  caractAviatlques  en  Bllleu  Inflnl  sont  dtdultcs  deo  rAaultats  ubtenus 
Bvec  la  oaquette  cctxtrfie,  corrlgSs  de  I'effet  dc  toutes  lea  paruls  (fig.  lOA)  ;  A  proxlultA  du  sul  la  ua- 
quette  aublt  cf f ecr.ivesent  l'effet  du  aol,  mala  Agaleocnt  I'lafluence  dea  aatrea  parula  dont  11  faul  te- 
nir  compte  (fig.  lub).  L'effet  de  sol  eat  lalculA  A  partlr  dca  rAaultata  ubtenus  uux  dlMAruntes  altitu¬ 
des,  alaal  corrigSa. 
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Les  corrections  de  parol  sont  calculics  par  unc  aSchode  analytlque,  dficrlce  dans  la  r^i^rence 
[2]  ;  la  veine  clrculalre  ds  la  soulflarle  eat  raaplacdc  par  une  veins  rectangulalrn  {Equivalents,  conanr- 
vant  le  plancher,  et  reapnctant  la  section  exacts  de  la  veins. 

Lee  lalblee  distances  entrc  la  aaquette  et  lee  parole,  et  nutamioent  en  incidence  antro  le  sol 
et  I'empennage,  ont  n4ceaeit£  une  noddllsatlon  aseea  conplexe  de  la  naquette  ;  lee  alngularlt^s  de  vulume 
des  surfaces  portanteu  (vollure  ec  enpunnage)  one  r^partles  en  snverguve  ;  La  portance  de  la  maquette 
a  £t4  d£cclte  par  des  nappes  tourblllonnalres  en  s^pnrant  la  portance  de  I'enpennage  de  la  portance  de  la 
vollura. 


Lea  ordres  de  grandeur  dee  corrections  pour  ranener  lee  rfieultats  en  atnoephdre  infinie  sont  de 
1  degxt  en  incidencet  0,QU2  en  iiombre  de  Mach  et  0,13  en  looaent  de  tangage  ;  les  corrections  de  iratn^c 
Bont  trAe  Calblus. 


A  ~  tESDLTATS 


4..1  -  G<»4rallt<e 

Lee  Boycns  d’eeeals  qui  vlennent  d'etre  d^crits  ont  lee  InotruBentB  d'une  longue  exp6rlinen" 
taclon  dont  le  prealer  objet  £talc  une  4tude  d’lnveraeura  d«  pousa^e  aur  lea  uoLeuts  de  l'A320*  11  eat 
apparu  Intfireasant  d'en  prullter  pour  d^velopper  une  Stude  de  I'effet  de  sol  de  cet  avion. 

Ij'cffet  de  sol,  c'est,  cliacuii  le  salt,  ce  phfinunidne  qul  nodifle  lee  cnract6rlBtlques  a^rodyna- 
alquefl  d'un  avion  lorsque  aa  hauteur  au'-dcssus  du  sol  devlenc  Inf^rleure  i  environ  une  envergure  (llgu- 
re  IL). 


La  portance  et  le  oomenc  de  tangage  cabreur  propres  4  la  vollure  augaenlent  icud&r^nent ,  alors 
que  ea  trainee  dlnlnue.  Au  niveau  de  I'eopenuage  horizontal,  la  dfllcxion  chute  et  la  portance  de  1 'em¬ 
pennage  augaento.  Par  consequent,  le  pllote  dult  r^dulre  I'incidence  de  I'avlun  cL  ongnenter  "4  cabrer" 
le  braquage  de  la  gouvernc  dc  profondeur,  pour  malntenir  la  trajectolre. 

Nous  nc  prgsenterons  que  dos  r^sultats  obtenus  «  •Here,  4  pente  conslamiaeut  nullc.  Cepen- 
dant,  noun  oontrona  sut  la  figure  n^  12,  coouent  Cvuluent  1*  -(ramdlrtiu  d'un  avion  A320  lore  d'un  attei- 
rlesage.  11  deaouroi  couac  11  est  rappel^  sur  la  figure  ii**  3,  que  la  connalssance  dea  elfets  de  sol  "en 
pallere",  c'esc-A'-dlre  4  pence  nulle,  eet  une  4tape  n^cessaire  pour  uatlsfaire  lea  besolns  de  I'sLterrls' 
sage  autuoiatlque  cacdgorle  III  et  I'allnentatlon  du  eisulattur  de  vol  en  donn^es  rudynaulques > 

4«2  -  E«p6_rl«autatiQu  en  aoufflecle 

La  ptoeddure  d'essai  a  pc&sent^e  en  detail  Jana  la  premldre  psrtle  de  cet  exposS.  ll  taut 
toutefoie  Inslster  sur  le  islt  que  la  vocation  preal4re  Je  I'eaeal  6tait  une  &tude  d'lnverseurs  de  pous- 
s$e*  e'eet  alnsl  que  is  ouCurlsaclon  des  nacelles  a  lopos^  I'^ch^lle  de  la  uaqust  Le  dont  on  aui'slc  blen 
pr££4r4  qu'elle  fOt  du  dlaenslons  plus  rf'dulCcH,  eu  4gard  4  1  *  iDporlaiice  des  uffets  de  parols.  Lu  monluge 
sur  un  support  veiiCrsl  d4J4  exls;anC  n'4taiC  peut  £Lr«  pas  le  mleux  adapt#  4  une  #tude  d'etfuL  Ju  sol.  Lu 
regime  des  slraulateura  de  aoteurs  eat  repr^scntotlf  des  rfglaus  cortuHpondHnts  en  vol. 

Les  tnesures  out  #t#  faltes  4  dss  Incidences  conprlHCs  ciitre  0  cl  12  degr#s.  Les  liuuteurs  du 
centre  de  gravlt#  dc  I'avlun.  4  l'£cbulie  1/7,0,  s'#cagent  entre  0,47  m  uL  2,7  u  nu  duxIdud.  Lelte  der~ 
nl4re  ne  represents  que  00,5  %  de  I'envergure  de  I'avion.  C'est  dire  tuute  1 ' liaportuncc  du  calcul  des 
corrections  du  parul  pour  acc4<icr  4  la  rSi£tence  "nllleu  Infliil". 

Les  rfieulLsts  sont  ols  sous  une  forme  uod41is6e  par  le  triichencnt  de  deux  quantit^n.  La  premie¬ 
re  est  la  ditf£runce  dea  valeurs  que  pi'eiid  un  param4tre  entre  le  milieu  Inflnl  ul  "avion,  ruuus  au  *jol"  ; 
e'est  une  I'onctlon  de  L'inddence.  La  deuxidaK'  est  uii  facieur  d'egiortlsseaeiit  qul  rend  couptu  de  I'effet 
d'altltude  su-dessus  de  la  piste.  Cutte  furmulatlon  a  pour  mf-rite  de  rendre  tr4s  simple  le  chIcuI  d'un 
paraudCru  4  une  incidence  et  4  une  altitude  doint^es. 

4.3  -  j^s  stesurBs  en  eoi 


La  figure  n”  14  propose  un  r#suo£  du  programme  d'essuls  en  vol.  Trola  configurations  ont  Gl£ 
retenues,  deux  de  d#collage  plus  cells  d'att«>rrl»tRMiri>.  pour  checunc  &ial(*nt  pr6vuu  4  peu  prds  douzc  pas 
segcK  en  pallur,  c '  est-^-dirc  uix  hauteurs  du-drssus  de  le  piece  et  deux  Incideni-us  curresponiiatiC  4 
1.2  Vs  1  g  ft  VFL  (1,2  fof-i  la  vltussu  de  d#crochagc  4  n  I  ct  vlcussv  llmlle  maximale  avec  volets 
sortla). 


Sur  lu  figure  >  15  sont  schCmutlsf’s  les  ^qulpejicnLv  permettant  de  df'llnlr  les  condlilons  dc 

vol  : 

-  un  radloaltla^tre  dSternlne  la  hauteur  de  I'avion  au-'dessus  de  la  piste  ;  la  ccnnalsoanr.e  de  rrtte  hau¬ 
teur  associ4e  par  Is  iol  dc  Laplace  4  la  prcsslon  atmusplifrlque  au  sol  donne  aceds  4  la  prneslon  btstl- 
que  Je  rCffri'nce  de  I'avion  ; 

-  IcB  indications  de  tiuls  prlaus  de  pressloii  totaie  peruettent  de  calculet  Ic  nunbre  de  Hscli  ; 

-  la  plateforioe  4  inertia  louruit  I'asslette  de  I'avlun,  Jans  le  cas  qul  nous  liiiSrease,  #gale  4  1 'Inci¬ 
dence  ; 
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-  des  pri«(f8  de  presslon  statlquc  sont  Iaplant£efi  sur  )ft  partly  avant  du  fuselage^  La  correspondance  eii  ■ 
tre  lea  presslons  aestir^ea  et  la  preaelon  atatlque  de  r£f£rence  a  €cablle  en  mlileu  Inflni  par  la 
technique  du  c6ne  renorqu€«  Uu  dea  buta  de  l*eaaai  eat  d*^cudi«r  coiaaenL  varle  cetce  correepondaiicu 
quand  I’avlon  aublc  I'effet  de  aol  ; 

-  dea  girouettes  d’incidencos  aont,  eilea  au8al»  Inplant^ea  aur  la  parcle  avaiiu  du  fuselage*  Dea  rela¬ 
tions  cnt  6ti  StaLIles  entre  cea  incidences  localea  et  I'lncidence  de  I'avion  en  nilleu  Inflnl*  L'^vo- 
Ii;tlon  de  ces  relations  avec  la  proximity  du  sol  eat  encore  un  des  objeta  dc  I'essnlp 

Les  figures  qui  aulvent  donnent  une  synttidao  des  procedures  d’ldencification  de-  I'effet  de  sol, 

en  vol. 

La  figure  n”  16  cralte  de  1 'an^caom^trle.  Elle  rappclle,  eii  le  pr^clsant,  tout  ce  que  iioud  avons 
dit  plus  haul  S  propos  de  la  dSceruinstion  de  I'altitude,  des  presnlons  statlquc  ot  totals  de  r^f^rence, 
de  1 '  liicideucc. . . 

La  figure  n”  17  traitc  dc  la  clinocB^trlr*  bile  coiistitup  ello  aussl  un  rappel  de  ce  qul  vient 
d'etre  expo&f* 

La  figure  u”  18  est  consaerge  £  la  dgteroiuaLlon  de  l^effet  de  sol,  en  Vol,  sur  la  portance  et 
le  mument  de  tangage  d'un  avion  non  eoipmuie  ot  sur  la  deflexion  moyenne  au  droit  de  I'enpcnnagc*  La  ing- 
thnde  est  la  suivante  : 

-  avant  tout  calcul  nous  dlsposons  de  ; 

.  donnSes  agrouynamlques  Identifiers  en  vol,  en  milieu  irifi>-.i  ; 

•  donn^es  prCviaionnclles  relsclves  d  I'effet  de  ool  ;  'lies  out  un  caract^rc  cDpIrlqiic  ; 

<  la  situation  de  I'aviun  eii  vol,  altitude,  masse,  vitcMse,  brsquage  des  gouvernes  de  profuiideur* 

A  ces  irois  groups*  de  dunn^es  un  piograame  de  calcul  fait  correspondre  une  incidence, 
O^SlHULb  et  un  calage  du  L '  eapenuage,  IH  SiMULb,  n&cessaire  d  1 '£qnll  Ces  deux  valeuis  different 

des  Incidence  o(  et  cslage  IK  r^eis  du  cas  de  vol  correapondant ,  dans  Ja  mvsure  oD  les  donii^es  pr6vlsion- 
nelles  d'effet  de  sol  no  rendeni  pas  exactement  compte  de  la  r^allc^, 

II  faut.  done  les  modifier  en  prenant  $ 

“•’1  Donii6es  prevlulomicUes  ^  ^ 


^^'"sol  Inclisng^  (avion  aaus  empennage) 

A  £.aol  **  A  €.  Uoniifies  previa lon.ie.Uea  ^***.SIMULE  " 


pule  recomuencer  Ic  calcul.  L'it^ratiou  converge  repldcmcnt. 

HCMAKQUK  :  C'est  en  nous  fondant  sur  des  explrienees  anifrieurcs  et  our  des  compura i sous  entre  soutllerle 
que  noua  avons  doaci4  3  pr^vlaloimcl  la  valeur  Stabile  en  Boultlrvlr  cL  1 'uvons 

Daintenue  pendant  I'lt^rstlun* 

4«4  -  COMparaiaoa  vol-aouff lerle 

Frlpr’tpe  i  is  conparuleon  est  faltc  aux  altitudes  et  aux  incidences  dea  points  dc  vol.  Dune  lea 
valeurs  coopavees  seront,  pour  i«  VuL,  i-elleN  Jlrectement  aesur§es  et  pour  la  ooufl'lerle  des  vsleurs  ^la- 
borcps  3  partir  de  lu  uod^lieallon  oentionn^e. 

K6auitats  : 


a)  Af\€D£u$trle 

Dans  la  plupart  des  cas  examinee  (figure  n**  19),  11  apparait  que  I'eftet  du  sol  sur  lea  cueifl- 
clenls  de  preaslon  Kp  eat  plus  fslble  en  soufilerie  qu'en  vol.  Kala,  11  faut  obsewnr  nu'd  un  frart 
A*AKp  "  0,01  correspond  une  variation  do  picuaiun  egalv  d  65  Kascala  (0,0065  HSI)  dans  un  caa  de  d^cul- 
lage  AH-  0,23  et  Z  «  O.  11  est  auesi  dea  caa  oil  AKp  cn  vol  n«  aeubJe  pas  teridre  vers  z3ro  quand  I'al- 
Litude  crotti  cc  qui  peut  dtre  une  erreur  r^siduelle  asaoclCe  3  la  prSclslun  de  la  meaure.  Voyes  auasi 
les  [igures  n"  20,  21  ct  22.  Aujourd'hui,  11  semhle  que  dee  aSthodes  de  calcul  thGoriques  asouz  fines  onL 
cl6velapp6es  pour  remetlre  en  cause  la  iiGcesnitG  de  la  mesure  cxpGrlunutale. 

b)  CliiiuioGtjrlc 

Les  figures  n"  23  et  24  aontrent  que  i.-i  souftlcrlc  sous-ewtime  forteaent  I'effet  de  sol  sur 
I'liicidencH  locale  au  droit  des  girouettvs.  P4»ur  autaiit  quo  la  sonde  c?  nmraftrlque  soit  currectemeiiL 
orleiitfe,  elle  ne  dStecte  qu'une  Incidence  locale  ponctuelle  -3  16  mm  de  In  peau  du  fuselage  de  la  uui- 
quette,  eolt  136,8  mifi  3  I'Gchelle  avion'*  La  glrouette  uontf-e  sur  I'uvlun  Indlque  uiie  Incidence  locale 
prise  en  valeur  uoyeiine  sur  une  envergure  de  76  mm.  De  plus,  I'liicldencc  A  la  sonde  cll nomGtrlque  est  re- 
lev6e  dans  une  veine  guldGe  de  soufllcrie  ;  or  auemie  variation  nl  de  correction  de  pnrul,  nt  d'ancendan- 
ce  entre  la  vollure  et  1 'emplsceraeni  -le  la  eoiide  ii'a  appltquGe.  Ici  encore,  et  comae  pour  1 ' aiifmotoi- 

irle,  11  acmble  bien  que  Ic  calcul  h.ilt  deveuu  plus  simple  et  plus  liable  que  la  locsure  expGrimentale. 
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c)  v’ortan^u  ds  1 'avion  Bajia_e^£nn^a^« 

Lea  figures  n"  25  et  26  conClannfent  ceriaineBenc  lea  comparalsons  les  plus  oatlefalsantes  de 
cat  expos6.  Bn  effet,  lea  plus  fortee  dlCf^rencea  entrc^CZ  du  voL  et  de  la  soufflaric  aont  du  I'ordre 
de  0.,Q1  aauleaent. 

d)  Bo^enne  l^'eng^enn^ge^ 

Les  figures  n*  27  et  28  nontrent  conaent  se  coDoarent  lea  effeta  de  sol  but  la  deflexion.  A  un 
cas  prSB  (dCcollage  d  o(  «  6,S‘  et  li  ■  39  t'uet)  lea  recoupeoentu  aoiit  excellcnta. 


5  -  OONCLUSIQHS 


L*OKKKA  et  AEROSHATIALb  ont  dIs  eit  oeuvre  uii  grand  coiicoura  de  moyena  pour  trailer  exp^rimciiLd- 
lenent»  en  aoufflerie,  Ic  ptublduie  de  I'effet  du  sol  sur  lea  caract^rlst Iques  n^rodynnmlijUL’a  du  I'uvion 
A320. 

Des  eaaalu  en  vol  A  trda  beaae  altitude  au-deaauH  dua  plates  onl  pu  <31  re  explolL^s  et  coniparba 
aux  r^aultats  iaaus  de  la  souff lerle. 

La  cooparslson  vul-aoull  lerle  a  aiitul  muiicr^  dea  recoupenenta  saLlsfalsaitiB  tn  pnrtanci'  el  uii 
deflexion  moyanue  au  droit  dc  I'empciuiugu,  aalgr^  un  uoiitagL-  et  det*  dlnetialons  de  lunquette  qiil  ne  uonl 
pus  sans  prater  le  flanc  il  la  critique. 

Kn  sn^Duci^i rle,  les  hearts  ubuurvAK  -umt  de  L'ordre  de  grandeur  de  1.4  prCclslon  dea  raptcurs  de 
preualun.  Lea  hearts  obaervea  aur  Lea  reaul'*-*  en  cilnonAirlc  soul  probableiuenL  dua  d  la  dltlerence  Juh 
Dioyeitu  do  meauro  et  i  un  degr$  de  correction  dr»  resultntH  soutllerle  pus  ussez  Alsburf-  (uaeunclance  It  ('{i- 
le»  etletH  des  parols  el  su|ipovLu}. 

Sur  c»:u  deux  points,  lea  prugii^-;  ubleinis  d.-inn  h's  calculs  lUeorlqneN  peiini'llrunt  duule  Jc 

a 'ai 1 runchlr  d'eassiH  sp&clliqueti* 


itf.yaRKHCBS  BIBLIOCBAPUIQUKS 

(Ij  Ct  CASTAN  ”  Kl  £  Ic<tc  I  tf  duB  Inverueut  •  •*  Colloqui*  AAAK  de  IHM'flKUS,  le  7H  Melubie  19d/ 

f2]  X.  VAUf^UbiKKT  ProgOre  r^cents  deu  caleulu  d'cllcln  de  p.iruls  eu  sou!  I  lerioa  hiJustrleneH  •  i,a 

Keclierclje  A^roBputlolo  -  N*  1908-3  (ual-juln  1908) 


Fig.  1  A3204IWIIe1/7,6dansla50iifflerie51MA.  Element,  mobilespar vak-urs dUerttes 
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Mr.  D.  Pgckliaa  (Chairman) 

I  would  now  like  to  re- Int reduce  our  Technicel  Evaluator,  Ur.  li.  Keith  Richey,  who  Is  Technical  Director 
of  Che  Wright  Ketearch  end  Dcvelopaenc  Center  at  Wright  i*aLterson  A1 ’'^orce  Baae,  Ohio  In  the  USA.  He  watt 

educated  at  th**  Unlveraity  oi  Hlchigan  where  he  obtained  hla  Ph.D.  'las  been  with  the  US  Air  Force  for 

28  years,  26  years  of  this  being  asaoclated  with  the  Plight  Dynaaics  and  8  years  of  that  cioe  aa  Chief 
Scientist.  For  the  last  two  years  he  hac  been  the  Technical  Director  of  the  Wright  Research  and 
Developaeat  Center.  He  la  a  pant  Panel  aeaber  and  waa  a  aeaber  of  the  Fluid  Dynaoilca  Panel  for  10  years 
fro*  1976  to  1966,  and  we  are  very  pleased  to  see  hln  back  again  aa  our  Technical  Evaluator. 

K.  Richey,  USAF 

you  h r .  Cha 1 rsa n .  It  ia  good  to  be  back  associated  with  AGAAD  and  it  la  good  to  see  that  It  is 
still  in  good  hands.  This  was  an  excelleut  weetlng  with  high  quality  presentations  on  a  subject  of  keen 
Interest  to  ACARD  and  to  NATO.  As  you  note  froa  your  prograa,  the  distribution  of  papers  by  country  -  if 

one  counts  pjper  Nr.  12  by  Roberta  and  Wood  aa  *'lislf  US  and  half  UR**  -  is:  US  8.3,  UR  7.3,  Germany  3, 

Frsnre  3,  and  Italy  1,  for  s  total  of  23.  A  good  dlatributlon,  although  wider  participation  by  other 
AiCARD  acaber  naliona  should  be  encouraged. 

The  aerodynaelcs  of  coabac  aircraft  controls  was  covered  In  papers  1  through  17.  1  wl U  not  dlscusu  them 

In  order  because  you  have  all  been  very  attentive.  The  papers  and  discussion  aude  it  clear  tlrat  rrew 
requireaents  are  eaerglng  for  cuabat  alrcralt  for  offensive  and  defensive  iMnoeuvers.  For  i-xample, 
sutoaated  aiasl  le  avoidance  cauld  be  considered  for  a  defensive  aanoeuver.  The  new  requirements  lor  Lht* 
aircraft  Include  high  angles  of  attack  and  yaw,  which  I  will  refer  to  as  alpha  and  beta,  and  a  greatly 
npanded  flight  envelope,  with  high  acceleration  rates  in  all  axea  of  flight,  which  is  very  Important.  A 
comment  made  from  the  audience  after  paper  Nr.  that  1  think  needs  lelnfurcing,  la  that  itlgh  alphn 
manoeuvera  will  be  limited  in  their  effect Ivenesa  if  the  aircraft  cannot  launch  mlsalles  at  these 
coniiltlnns.  Tills  Is  an  area  that  ne«d8  such  more  research. 

bccausa  of  very  high  manoe' verlug  rates  and  accelerations,  dynamic  stability  is  much  more  lm|)ortant  than 
ever  before.  So  we  need  to  fully  understand  the  dynasties  ol  cuntruls  Including  all  the  crusa-cuupllng 
'■ffecta.  In  fact*  the  basic  concept  of  atabllity  derivatives  may  come  into  question  in  some  very  rapid 
.■on-linear  manoeuvera,  Theee  trends  dictate  som«  new  combat  aitcraft  control  requirements  which  were 
brought  out  In  the  meeting,  particularly  in  papers  2  and  A.  An  exptmdcd  envelope  of  the  aircraft  will 
dicta's  an  expanded  contrcla  envelope,  requiring  a  search  for  favorable  interference  of  control  suriacea 
and  wings  in  manoeuvera;  rapid  roll  manoeuvera  around  tlu  velocity  vector  will  be  used  In  ordpr  to  rapidly 
change  the  plane  of  attack  of  the  combat  aircraft.  It  will  become  mure  ioportani  to  account  'or 
aeroelaetic  effects  in  'apld  manoeuvera  at  high  dynamic  pressure.  It  was  pointed  out  that  controls  are 
nuw  10  to  132  of  the  empty  weight,  so  tliere  ie  already  a  need  for  light-weight  contruls. 

A  strong  need,  particularly  at  high  angle  of  attack*  Is  for  flight-propulsion  control  Integral lun,  in  fact 
multi-axis  chruat-vectoring.  The  engine  and  the  force  it  produces,  in  both  direction  and  n^KnituiU’,  is 
becoming  a  major  control  force  and  moment  producer.  Where  serodynamic  forces  are  soft*  port Icularly  at 
shun  take-off  ur  veiMcal  landing  conditions,  then  there  is  al8<i  a  need  for  f  light -propulsion  ountroJ 
integration.  During  rapid  man*. euverlng,  many  of  the  aerodyimoilc  control  surfaces  arc  undergoing 
t  lae-dependent  separation  which  can  Induce  non- .Invarltiea  In  the  ae»  otlynaalca  of  the  Hlrcrail  and  Ita 
control  ayatem.  Again  there  Is  a  need  for  dynamic  control-  It  was  pointed  out  that  there  was  otlen  tinea 
difllculty  In  obtaining  both  dynamic  stability  and  favorable  damping,  while  Btill  nflintalnlng  a  lilgh  level 
of  sgt I  ity.  Active  control  of  forebody,  wing,  an-*  canard  vortices  aeeoa  to  hold  the  key.  Some  authors 
proposed  new  dynamic  stability  criteria  to  iaprn\  nn  our  old  favorite  CN^  -'lynaoilc,  but  this  will 
require  a  much  more  robust  body  of  Informatimi  on  crose-coupling  effects,  requiring  data  on  rotary 
balances  and  i  eclal  forced  oscillatlun  balances  such  as  ( hoa?  under  develupoeiit  In  Canadii.  Dr.  Ilanfi  oi 
the  NAK  (Cuna<.  1  showed  you  one  example. 

Another  requirement  fur  cuntruls,  going  along  with  increased  nancie;iverabi  11  ty/agl  Illy  in  the  alrrrait,  is 
the  strong  requirement  for  nose  doun  pitching  loomcnt  control  at  high  angle  of  attack.  Nose-down  pilch 
control  is  needed  to  arrest  a  uose-up  manoeuver,  to  qijlckly  unload  to  reduced  t.'s  (to  be  able  to 
accelerate),  and  lo  control  plich*due -to-rolling  about  the  velocity  vector  at  high  angle  of  attack.  It  Is 
Impossible  to  keep  the  nose  pointed  precisely  unless  there  la  adequate  noB*-down  pitch  control.  Moat 
configurations  have  auen  more  nosc-up  pitching  mooeiu  capability  ttiau  nusi  duwn  aulltorily. 

Finally,  a  big  driver  in  controls  for  agile  aircraft  is  lateral-directional  control  at  high  angle  of 
attack  and  '  igh  alpha  rates.  Thla  wa..  brought  out  by  several  authors.  Providing  the  desired  manoeuvera, 
l.e.,  to  ii.  late  the  manoeuveru  tliat  we  want  and  to  stop  the  nanoeuvers  that  we  don't  want,  iu  of  tot 
difficult  because  the  tail,  especially  the  vertical  fin,  lias  decreased  eifectiv-'nesK  at  high  angle  of 
attack;  this  situation  may  therefore  require  a  strong  propulsion-flight  contr' 1  coupling  with  multi-axis 
thrust  vectoring.  Lateral  directional  control  at  these  extreme  conditions  will  require  innovative 

concepts,  and  sevci.i’  wore  discussed.  One  that  wasn't  diacussed  le  a  fin  below  the  fuselage  which  could 

be  deployed  at  high  ingle  of  attack  to  improve  lateral-directional  control.  This  Is  not  a  new  idea. 

How  are  we  going  to  address  all  these  problems  of  controls  osaociated  with  very  dynamic  (unsteady)  and 

extremely  complex  flow  fields?  There  see  some  bright  spots  that  ve  saw  in  this  Conterence.  Our 

fundamental  underatsadlog  of  the  phenomenon  is  improving.  Ah  shown,  for  example,  by  paper  14.  Innovative 
approaches  were  shown  by  several  aulfiors,  Including  deployable  strakes  on  the  forcbody,  tiperons  and  tip 
rudders,  nose-blowing  of  *lr  tlirough  portw  or  sloth,  and  leading  edge  slot-blowing  to  control  roll  at  high 
angles  of  attack.  The  static  performance  of  tltcae  devices  looks  p  omislng  but  we  need  more  dynamic  data, 
especlsUy  at  higher  Reynolds  number  to  determine  if  these  can  act<  illy  be  used  as  control  devices.  Just 
producing  a  force  doesn't  aske  a  good  control;  the  force  has  to  have  Ihe  right  rate  time  responuc  and  must 
be  able  to  be  designed  lnt('  an  overall  control  Ryet«. 

Another  bright  spot,  as  slnvn  by  the  papers  presented,  is  that  dynsmli:  stability  test  methods  are 
Improving,  This  la  the  subject  of  an  ACARD  FDF  working  group,  which  members  of  the  audience  should  follow 
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Ita  progress.  It  Is  noteworthy  that  hardly  any  cooputational  or  theoretical  solutions  of  aerodynamic 
flows  were  presented  at  the  iseetlng.  One  exception  was  In  paper  16.  1*11  make  the  prediction,  being 
bold,  that  we  should  be  able  to  compute  tliree-diaensional  unsteady  flows  within  5  years.  Using  thr^  large 
computers  cooing  on,  I  think  It  is  possible. 

Another  bright  spot  Is  that  there  are  snoe  aajor  prograas  which  ave  addressing  the  new  requireaents  for 
control  at  high  angle  of  attack  and  high  alpha-beta  rates.  The  i  15  STOL  (short  take  off  and 
landlng)/ManoGuvez  Technology  DesKinstrator  progrnea  reviewed  in  paper  I  is  .t  good  example  of 
propulsion-flight  control  coupling,  although  not  currently  evaluating  th<'  high  angle  of  attack  or  high 
rate  manoeuvers.  The  two'-dlaenalonal  nozzle  being  evaluated  ihi  the  F-13  aircraft  was  first  evaluated  In 
reseazch  over  15  years  ago  by  the  Air  Force  and  NASA.  This  allows  the  need  to  do  reaearch  well  before 
requirements  are  identified.  On  the  STOL  r‘-15,  iDteractlons  between  the  can.irds  and  thrust  vectoring, 
thrust  reverse,  etc  produce  non-linearities  which  can  be  verified  through  flight  teat.  The  F~15  is  also  a 
good  test  bed  to  verify  thrust  reveraer  effects  on  aerodynaalca  and  controls  as  dl&cussed  in  papers  17,  19 
and  21,  both  up~and-avay,  and  during  landing.  So  we  will  be  able  to  get  sooie  full-scale  flight  data  on 
thss*?  effects. 

The  second  owjor  program  that  was  reviewed  waa  the  NASA  F-16  Nigh  Alpha  Research  Vehicle,  or  IIAKV.  li  is 
a  good  program  to  study  high  angle  of  attack  with  high  rates  of  manoeuverabl I Ity ,  but  in  Its  present 
configuration  is  not  evaluating  prupulsion-f light  control  coupling.  This  will  come  in  a  later  phase. 

HARM  will  evaluate  Important  aerodynamic  parametera,  both  static  and  dynamic,  to  compare  with  wlndtunnel 
results  and  cooputational  fluid  dynaoiics  calculations. 

Another  project,  which  was  not  reviewed  at  the  meeting,  Is  the  US/Gennoii  project  on  the  X-31  experimental 
aircraft  to  evaluate  high  angle  of  attack  oanoeuverabillty  using  tliruat  vi-rtoring.  This  is  a  very 
important  program  because  It  combines  the  Issue  of  high  angle  of  attack  at  high  rates  of  manoeuverablllty 
vitli  propulsion  and  control  integration,  not  Including  thrust  reversing,  through  a  fairly  simple 
ImpleoBiuatlon  of  thrust  vectoring.  These  three  projects.  (F-15,  F-l8,  X-31)  will  grestly  Increase  our 
understanding  of  the  aerodynaulcs  of  controls  and  propulsion  integration  for  combat  aircraft. 

The  second  theme  of  this  Conference  wuti  ground  i-ffecls  on  combat  aircraft.  This  Is  always  importHut,  but 
much  mure  so  when  tnrust  Vectoring  and  reverse  is  used  un  landing  approach  or  for  short  take  off.  I.andlng 
and  take-offs  are  always  Che  most  critical  parts  of  flight.  We  arc  used  to  the  thrust  reveraer  being 
deployed  after  an  airplane  is  oc  zero  angle  of  attack  on  the  ruiway,  everything  is  settled  down,  and  it  Is 
generally  well  understood.  Combat  aircraft  will  likely  deploy  their  thrust  reverser  on  appronch,  so  Lhu 
landing  dynamics  will  have  to  Include  the  effect  of  the  thrust  reveraer. 

Understanding  complex  ground  effects,  dynamic  as  well  as  etatic  will  be  crucial  to  safe,  routine 
oporetlonrj  of  military  and  cuouercial  aircraft  that  are  atCooptinK  to  operate  under  adverse  conditions  due 
to  Weather  or  under  low  speed  conditions,  sucli  as  a  stiorL  lake-off  and  Janding  or  even  vertical  landing, 
where  control  surfaces  are  not  very  effective.  Several  Interesting  techniques  tor  dynamic  ground  effects 
determination  were  sliovn  particularly  in  papers  20  through  24.  As  stated  earlier,  the  F-13  STOI.  and 
t^noeuver  Demonstrator  reprecents  a  unique  opportu.ilLy  to  better  understand  ground  effects  when  (bnist 
reverse  and  vectoring  Is  used  In  landing  approach. 

In  suiuiiary,  the  aerodynamics  of  combat  aircraft  controls  and  of  ground  effects  was  given  a  thorough 
treatment  at  this  Conference.  These  are  tough  problems,  but  we  are  addressing  tliem  berauae  wc  believe 
tiiat  stretching  the  coobac  manocuver  envelope  wllJ  eniiance  offensive  snd  dufeneivc  ccobai  capability. 

WiJi  the  Russians  clwUenge  us  to  an  “agJ  tity  doel”?  PeiliajiB  lliey  have  already  at  the  1989  Paris  nil 
show,  dy  combining  Ideas  and  talents  throughout  NATO,  by  means  of  AUAKD,  we  cun  collectively  devt'lop  n 
superior  technology  baoo  for  combat  aircraft  of  the  future.  This  meeting  is  a  step  in  the  right 
direction.  Let  a U  AGAKD  participants  bring  forth  their  best  ideas.  Thank  you. 

M'  .  IJ.  PeckliaiB 

Thank  you  very  much  Dr.  Richey  for  your  stimulating  remarks.  Perhaps  you  would  Join  us  liere  aa  we  now 
turn  tu  the  Round  Table  Discussinn  section.  )  would  like  to  remind  you  that  this  aesslon  Is  being 
recorded  and  will  appear  in  the  proceedings  of  this  Symposium,  it  la  very  Important  that  everybody 
oilerlng  a  comoetit  or  aaklng  a  question  gives  their  name  and  affiliation.  Otherwise  there  will  be  a  gap 
in  the  proceedings.  The  floor  1e  now  opien  for  questions  or  comments,  either  to  the  Bossion  chainaon  or 
perhaps  bick  to  Individual  authors,  i  chink  I  prefer  Co  see  discussion  on  the  sore  general  aspects  as  so 
ably  outlined  by  Dr.  .Richey.  Over  to  you,  the  audience. 

Dr.  W.  GUV  It,  NASA  Lmglcy 

I  would  like  to  amplify  one  -jf  Dc.  Richey's  comments  with  regard  to  NASA's  planB  In  the  high  angle  attack 
tecluiology  progmo,  Ve  are  commiLied  to  fly  thrust  vectoring  and  look  at  the  Integration  of  aerodynaulr 
and  propulsive  controls.  That  will  happen  in  the  spring.  We  are  moving  Into  the  urea  that  he  indicated 
is  luportant,  that  ot  unsteady  aerodynamic  predlrtlnn.  That  is  one  of  tiie  ma  )or  aspects  of  the  prugran  ts 
to  try  to  press  for  the  improvement  of  the  computational  prediction  inelhuda  fur  separated  flows. 

Dr.  D.  Woodward,  KAF 

r  was  very  Impressed  and  Interested  by  the  work  chat  waa  being  done  on  the  deploywnc  si  thrust  reversal 
on  approach  and  therefore  of  the  probli.-m  of  the  effects  of  thrust  reversersin  ground  eifecl.  Wlmt  puzzles 
me  a  little  is  why,  liavlng  all  this  background,  that  proposed  vertical  Janding  airplanes  seem  to  be 
conlinea  to  a  landing  oanoriiver  which  involves  coming  to  the  hover  out  of  ground  effect  and  then  landing 
vertically.  1  would  have  i  iiought  that  a  moving  approach  to  a  landing  for  a  nominal  vertical  landing 
Airplane  would  have  solved  a  number  uf  the  problems,  such  as  hot  gas  reinjeotiun,  etc.  Mas  anybody  goi 
any  comments  to  make  on  the  way  those  two  things  might  fit  together? 
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Dr.  K.  Richey,  USAF 

I ^a  faai liar  with  the  US/UK  joint  progrna  on  edvnnced  short  taRe*‘of£/vertlc«l  landing  technology, 
think  that  your  conaent  la  valid.  A  "roU.-oo**  vertical  lending  or  a  rolling  short  take-off,  aay  with  30 
to  50  feet  per  second  forward  velocity,  can  sake  a  treaendoua  difference  in  ground  effects,  and  in  hot  gas 
relnjestlon,  so  It  Is  certainly  worth  cunalderlng. 

Dr.  G.  Wedekind,  Dornler 

Concerning  Che  arguaent  chat  you  can  replace  the  abort  landing  by  vertical  Lindiog,  I  would  say  that  the 
Increaae  In  weight  due  to  devices  you  need  for  Che  vertical  landing  la  so  higii  that  It  will  not  pay  off 
Xuc  fighter  al^ciat t  to  carry  chla  additional  weight.  1  think  that  a  better  solution  la  to  accept  a  abort 
landing  distance  and  spare  a  lot  of  weight  in  the  aircraft. 

Dr.  K.  Richey,  USAF 

Vndeklnd’fi  coaaent  la  well  taken,  and  except  that  If  there  waa  a  requlreaent,  he  la  quite  right  that 
there  is  an  Increnent  in  weight  and  cost  and  coaplexity  for  the  vertical  landing,  however  aoate  who  have 
operated  the  Harrier  aircraft,  for  exaaple,  ttie  UK  koyal  Air  Force  and,  tlie  US  Marine  Corps,  feel  that  tht. 
operational  flexibility  of  being  able  to  land  and  take  off  vextically  is  well  worth  aone  additional 
weight.  With  technology  advaiiceaenta ,  particularly  In  eaterlals  and  high  thrust-to-welght  engines,  the 
difference  In  weight  to  provide  a  vertical  landing  capability  dlBlDlshes.  I  don't  think  chat  you  would 
ever  try  to  design  an  airplane  cliat  would  take  ^f^  vertically  with  fuel  and  payload  to  accoapllsh  the 
nisslon:  It  would  be  far  too  heavy.  But  vertical  landing,  by  Itself,  say  not  add  too  nuch  weight  for  a 
coabat  aircraft  chat  already  has  a  large  engine  for  coabat  aanoeuveriug. 

Mr.  Butcher,  Britlah  Aerospace 

I  would  like  to  reflect  again  on  one  of  Che  coosienta  tltat  Dr.  Richey  Bade  ttiat  full  odlitary  uLlllty  of 

all  these  novel  control  scheaen  need  to  bear  in  wind  the  fact  tl^t  weapona  need  to  be  fired,  and  also  that 

we  have  radar  acannera  which  need  to  slew  across  to  keep  the  target  In  view  and  u  nuiBbcr  of  avionic 
sensors.  Indeed  the  cockpit  arrafigeoenta  need  to  be  borne  In  Bind,  so  that  a  pilot  taking  advantage  of 
al).  Che  new  serodynaDic  capability  Cliat  ia  foreseeable  frooi  the  dlBcuasiun  In  this  Conference  Is  actually 
able  to  operate  his  airplane  lu  an  operational  sense.  The  point  1  an  getting  at  is  tlmt  ws  in  the 
aerodynamic  cotaaunity,  1  think,  have  a  responsibility  t.o  cake  along  our  colleagues  in  the  weapon  syatuns 
and  avionics  areas  to  make  sure  that  they  are  aware  of  the  potential  capability  tluit  ths  aircraft  Is  going 

to  give  them  so  that  we  dcjn't  and  up  with  airplanes  witlch  are  wonderful  to  fly  for  the  pilot,  but  because 

of  the  low  performance  of  the  avionics  system  cannot  actually  perfo  i-heir  operational  taaks  effectively 
in  the  expanded  envelope  we  have  opened  up. 

Klaus  Obol,  lABG  Geruany 

"l  would  "like  Co  ext  ad  chat.  1  think  tliaC  it  is  not  well  uiklerstood  where  the  operational  value  ui  the 
high  angle  of  attack  matioeuvers  in  a  conflict  situation  really  are.  1  see  the  great  vjlue  at  the  soment 
In  the  extent  or  la  the  Improveneut  in  terms  of  safety  of  the  airplane,  but  not  an  much  at  the  noneni  in 
the  uperatlondl  value.  1  think  we  need  a  lot  of  simulations  where  the  entire  weapon  syatesi  is  simulated 
iticluding  avionics,  Including  weapons,  including  tlireat,  Including  environment  in  terns  of  electronic 
disturbance  so  tliat  we  ran  really  evaluate  the  aircraft  as  a  weapon  systen  for  aucli  capbillcy.  1  think 
ttiac  there  ia  a  great  need  fut  It.  Andy  Show  touched  tliat  subject  very  briefly.  We  have  date  some 
research  in  cur  coDiwny  In  this  respect,  and  wc  have  I  would  think  very  questionable  thoughts  of  the  value. 

K.  Bradley,  General  Dynamic fl 

Along  the  line  that  ties  Just  been  mentioned,  high  alpha  characteristics  are  extremely  Important  ,  whether 
cite  post  stall  pointing  hau  any  operatioiuil  value  or  not.  One  Icsue  tliat  was  not  ra.laeJ  at  iIiIh  Sympoelua 
that  la  very  impuctanl  is  the  ability  to  operate  safely  with  asyiDDecric  weapons  loadings.  large 
aaymmetrlus  aggrevale  the  high  angle  uf  attack  rharacterlatlcs,  can  cause  departure,  and  Can  lead  to  great 
difficulties  in  recovery.  From  ttiat  standpoint  these  high  alptia  advances  are  sxtveDely  Important. 

Mr.  B.  Butaccht,  Aerwacchl 

Moving  on  from  that  In  ^^th  the  liigh  and  low  alplia  regimes,  it  seems  tliat  ve  place  a  strong  emphasis  un 
l>elng  able  to  harness  the  aervdynaotlcs  through  control  laws*  Control  laws  seem  fundaveutal  to  the 
aircraft.  It  is  tempting  to  say  that  an  aircraft  is  only  as  good  as  the  control  law  design  which  went 
Into  It.  Does  the  Panel  agree  with  this  aeseBsmenl  and  do  they  think  tliat  this  approach  could  pose  any 
problcDB  particularly  In  combat  when  you  could  only  he  left  with  the  aerodynamics  following  control  law 
f  al  lure? 

Ur.  K.  Orllk-RUckemann,  WAk 

X  would  like  to  highlight  some  cases  of  Inportaiit  dynamic  effects,  especially  in  conriection  wlih  control 
considerations.  nn,<  lu  tltat  wc  have  huard  at  tiila  Symposium  several  concepts  mentioned  an  to  Ivow  to 
Improve  the  combat  aircraft's  nuDoeuvershillty  through  various  control  devices.  We  have  heard  about 
thrust  vectoring,  about  moveable  strakes  and  LliX'eB,  about  manipulation  of  leatllng-edge  and  forebody 
vortices,  and  about  spoilers  which  could  be  very  rapidly  deployed. 

Thi>  point  tlut  1  would  like  to  loake  Is  trist  all  tlwse  uetliods  have  quite  different  appili.ttirjns  and  also 
different  limitations.  Therefore,  not  any  single  one  of  thma,  t  think,  will  likely  be  sufficient:.  We 
oust  have  a  combination  uf  these  tools  in  our  arsenal,  and  we  should  continue  examining  and  Investigating 
all  those  metlioda.  It  la  not  possible  at  the  present  time  to  nay  witich  one  of  them  will  be  the  winner, 
and  most  likely  for  different  situations  dlfterent  metlioda  will  be  required. 

The  second  comment  concerns  Or.  Richey's  remark  about  the  changing  role  of  stability  derivatives.  1  could 
not  agree  more  with  Dr.  Richey.  It  is  quite  clear  and  is  further  reinforced  by  the  data  we  already  have 
at  NAE,  chat  uc  high  angles  oi  attack,  and  especially  If  wc  combine  high  angles  of  attack  with  higher 
angular  rates,  moderate  angles  of  side  slip  or  larger  utoplitudcs  of  oiotion,  a  situation  will  be  reached 
where  the  whole  HtabillLy  and  control  dcsalii  will  become  very  much  non~liuear  and,  therefore,  no  longer 
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descrlbable  by  tlie  relatively  ainpie  lluear  concept  of  atabillty  derlvativeB.  The  effCvita  will  no  longer 
be  auperiapoaable.  You  will  have  to  devise  completely  non~li»ear  methods  both  to  represent  the 
aerodynamics  involved  and  to  use  the  aerodynamic,  data  for  flight  behavior  prediction.  This  leads  to  my 
final  comment  which  la  that  the  iMgnitude  and  the  importance  of  those  effects  on  the  final  performance  of 
the  aircraft*  I  think,  will  be  large  enoi\gh  to  require  that  this  kind  of  consideration  be  included  at  a 
much  earliei.  phase  in  the  aircraft  design  cycle  than  over  before.  As  you  all  know.  In  the  past  the  design 
was  practically  frozen  by  the  tine  aouohody  would  cone  around  and  decide  that  one  should  check  whether 
there  are  any  dynamic  problems  that  need  flzlng,  Xbun ,  as  an  afterthought,  some  of  the  dynamic  paranetera 
would  be  determined  and  an  analyala  carried  out.  Usually,  ic  the  past,  there  were  no  probleaa  eo  such  an 
approach  was  justified.  I  think  that  in  the  future  we  have  to  Include  this  kind  of  Investigation  at  a 
much  earlier  stage  because  It  will  tiave  much  larger  consequences. 

Mr.  T.  Saunders,  Dritish  Aerospace 

I  wonder  if  I  could  Just  combine  the  last  lwo  contrlbutlone  there  because  I  think  there  is  quite  an 
Important  conflict  to  be  pointed  out  here.  Ic  Is  absolutely  true  that  configurations  that  are  being 
looked  at  are  very  non-linear  and  the  dytvsmlc  effects  of  those  uon-linearltles  are  significant.  You  can't 
represent  them  accurately  by  means  of  stability  derivatives.  Ue  are  already  in  the  stage  where  we  are 
producing  large  data  bases  of  non-‘llnear  chaiacteristlca*  Similarly,  the  FCS  is  Important  and  is  leading 
to  an  aircraft  FCS  pilot  system  of  a  very  high  order.  Also,  that  means  that  you  ne^  poverful 
mulLl-varlate  optimization  techniques  to  be  able  to  design  the  FCS  effectively.  Those  technlqt’es  are 
becoming  available,  but  they  are  uot  becoming  available  in  such  a  way  t)>at  they  can  absorb  also  the 
degrees  of  non-linearity  for  very  higli  orders  that  are  being  looked  at  and  so  there  Is  a  problem  here.  It 
la  quite  right  tint  it  iu  becoming  increasingly  ineffective  to  start  oil  the  J<  Hlgn  process  with  a  simple 
linear  model  because  it  is  just  too  far  from  what  la  eventually  going  to  eoergt'.  There  in  a  need  here  for 
quite  a  major  thrust  in  technology  in  developing  multl-varlate  optimization  techniques  for  the  design  of 
control  ayatois  whlcii  can  deal  with  realistic  aircraft  deacrlptlona. 

Mr.  D.  Moorhousc,  US  Air  Focco 

I  would  also  go  back  to  the  comment  on  flight  control  aystca  design.  It  used  to  be  that  airerstt  were 
designee^,  optloiized  aerodynamicaliy  for  performance,  with  Che  assumption  that  the  flight  control  syKteio 
duaiguer  can  take  care  of  things  Later.  We  currently  ueaaure  alrcralL  agility  in  terms  of  dericlfnulea, 
and  we  compare  dellcieucies  In  capability.  I  think  sa  1  apeak  as  a  flight  control  system  designer,  the 
challenge  to  the  aerodynamlclst  Is  to  give  me  the  control  power  to  use,  and  then  1  can  certainly  design  sn 
aircraft  r hat  Is  tontrollsble.  Ws  currently  see  aircraft  tlwt  are  Incapable  of  rolling  because  the  power 
to  coordinate  that  roll  from  either  pitch  o.'  yaw  cnnlroJ  just  diaappeara.  So  an  a  flight  control 
designer,  the  firat  step  Is  for  the  aerodynamicist  to  provide  me  a  control  power  to  work  with.  I  would 
hIsu  like  to  coameut  to  Mr.  SaunrJers  Chat  the  noulinearlileB  that  are  a  problem  in  multi-variable  control 
are  also  the  same  problems  sa  fuz  the  classical  control  iiystem  dt^rignuru  who  all  work  with  linear 
techniques  as  well. 

G.  Wedekind,  Uornlcr 

1,  too,  think  cliat  the  design  or  the  development  ot  u  new  alrcralt  nowadsyo  has  to  go  the  otiier  way 
around.  The  flight  contioi  people  should  give  the  aerodyn  mlclat  the  Holts  they  can  just  tolerate.  Fur 
example,  when  I  install  this  iir  that  instabliliy  or  iliis  or  that  nun-linearity,  I  need  frou  tiiMU  the 
.^onrrol  power  needed  or  the  Information  tint  there  la  a  limit  wliere  nothing  ran  be  liandlnd  any  louri’.  I 
think  these  are  the  first  design  rules  we  have  to  cicllcct  to  be  able  to  develop  a  new  di'i^lgii.  Tluit  Ik  Ihn 
situation  today. 

^ .  k.  Bradley,  General  Dynamics 

You  liave  raised  an  Interesting  issue  aa  to  whu  should  h«  first  In  the  design  process.  Clnualcally, 
aircraft  design,  as  you  well  know,  1b  a  series  of  compromises,  and  all  we  have  done  here  la  add  o  lew 
additional  JiDensions  to  the  couproolses  Involved.  In  tl  a  sense,  demanding  control  power  Ib  not 
necesNarily  the  aiiawor  because  the  solution  will  prubabl  oenallze  your  pcrforuanr.e  excebHivt'ly.  I  liuve 
to  ag.co  tliat  early  testing  In  the  dynamic  sense  is  extr^  ly  important.  1  know  in  many  cases,  rather 
simple  aircraft  configuration  features  such  as  strake  nodi  llcailons  may  luve  very  lioporlant  perl'oi'mance 
results,  but  can  lead  to  exlieme  dynamic  problems  in  the  damplug  modes.  Ibe  point  I'd  like  to  luske  Ic 
tliat  we  just  have  a  broader  field  of  compruttlse  tlist  requires  s  lot  earll.  •*  Investigation  of 
conliguratioas  from  the  dynamic  senne. 

Mr.  U.  lAJVe.ll,  RAl’: 

1  would  like  to  develop  what  has  just  been  said,  ''rawing  an  analogy  with  tllght  control  aysLopa  wn  need 
to  think  of  graceful  degradation  of  aerodynamic  rontrol  systemB.  We  have  heard  at  this  Conference  of 
otiveral  novel  aorodynamic  systcas.  1  think  titst  we  nf>ed  to  oonnlder  now  vrarofnl  degraclHrlnn  of  i-he 
aerodynamics,  because  If  some  of  these  devices  go  wrong  we  will  have  a  much  worse  configuration  to  cope 
with  than  the  basic  ahape.  lo  put  It  operationally,  we  have  to  consider  th;'  envelope  wc  wish  to  be  able 
to  fly  in  when  our  rluaea  aerodynamic  conligurat iun  falls;  thrust  reverserH  tlwr.  Jam  in  Might,  uirakeu  on 
the  nose  which  go  out  too  far  and  i.tay  theve,  a  lot  of  potontlal  probleuu  I  think. 

Mr.  D.  Peckham 

We  tisve  bet^n  talking  largely  about  the  control  aspects,  thr  are  not  many  cummeMtu  or  queatloiib  on  the 
ground  effect  aide.  Perhaps  we  can  turn  to  tliat  aspect  »•'"  ir  meeting. 

Hr.  Hathlen,  STPA 

From  the  larvdlng  point  of  view  and  the  ground  eflc'ct  point  of  view,  do  ve  have  a  sufficient  prediction 
taking  account  of  cross-winds  for  Instance,  which  miglit  moke  it  possible  for  the  pilot  to  anticipate  this 
effect  when  the  aircraft  is  going  to  latal  on  the  nirirraft  carrier? 


Krn-5 


Mr.  J«  L^ynaertii 

Tilt!  teat  lA  gr^tti'^fTecr  cau  be  dene  with  yaw^  but»  concerning  the  unfltendy  Gffecr.a«  we  have  not  studied 
this  problea  In  the  windtunnel  of  ONBRA.  That  would  be  possible  In  the  Jnstltut  de  Mecanldue  des  Fluldes 
de  Lille,  because  there  we  have  the  possibility  of  reproducing  a  aide  wind  on  the  rutway  with  a  free 
flight  Model.  This  ouLght  be  a  partial  poflulblllty  of  solving  your  problem. 

Hr.  Verbrugge  from  this  Institute  might  periiaps  add  a^MDctbing  to  this  answer.  I  don't  know  Aether  he  Is 
lie  re. 


Dr.  K.  Richey,  USAF 

Mort  of  the  papers  presented  at  this  Conference  Indicated  tint  It  Is  very  ouch  an  experimental  situation. 

1  think  Hr.  Ksthleu's  question  Is,  "could  ground  effects  be  predicted  or  computed?".  J  think  tiiat  this  Is 
a  very  difficult  problea.  Probably  we  will  be  dependent  on  test  techniques  for  quite  n  while  In  ttiat 
regard. 

Hr.  NathieUt  STPA 

Yesy^but  let  ae  adl  to  this  that  if  we  didn't  cake  account  of  the  side  wind  effect  froa  a  longitudinal 
point  of  view  would  It  be  poaolble  to  anticipate  on  the  piloting  laws? 

Mr.  Leynaert:,  OHERA 

I  thTnk  that  the' last  but  one  presentation  indicated  one  tool,  one  possibility  of  obtaining  indicatlone  In 
terms  of  piloting  laws.  1  don't  know  to  what  e*  lent  they  are  accurate  enough. 

Hr,  R.  Bradley.  General  Dynatilca 

As  far  as  piloting  laws,  In  order  to  develop  thin  you  auat  be  able  to  know  the  flow  field.  So  we  have  a 
chicken  and  egg  sltuat  lou  here  as  to  which  comes  first. 

Mr.  D.  Moorhuuse,  US  A Ir  Force 

1  wan  going  to  say  thi>  saoe  thing.  At  the  risk  of  being  alaplistlc,  on  the  5T0L  P~l.^.  the  ground  effects 
become  a  control  law  design  problem.  The  accuracy  of  the  oeasuiement  was  the  only  thing  that  drove  Che 
control  law  design  and  making  them  robust  enough  to  vlterc  wc  removed  the  really  severe  effects  so  that 
wlut  venaiaed  was  controllable  to  the  pllut. 

Dr.  D.  Woodward,  RAF 

I  was  ttoC  aware  befur^'.  1  came  here  of  the  large  cliangea  li:  ground  effect  Cliat  come  from  representing  the 
vertical  velocity  towards  the  ground.  This  seems  to  liave  been  well  docuoenced  In  Mr-  Curry's  paper  * 
there  were  about  3  or  6  references  whicli  arc  much  earlier  chan  this  Sympoalum.  Is  It  now  a  lira 
coQc.lu8lon  chat  gra«;,nd  effect  testing  in  a  wlndtunnel  at  fixed  height,  the  conventional  ground  effect 
testing,  la  of  very  little  use?  Do  we  need  to  do  dynamic  ground  testing  in  windtumels  truio  now  on  to  be 
of  any  use  to  the  designer? 

^c,  W.  Glllicrt.  HA.SA  Ungley 

1  ^)iink  that  It  is  a  fuirotlon  of  configuration.  One  ol  the  things  tl»t  we  found  In  our  tests  was  itiat  the 
lopact  of  eiuk  rate  as  I  mentioned  In  my  pcesentatiou  is  very  much  a  function  of  the  How  flelci  thit  you 
arc  cresting  underacath  the  wing  of  the  configuration.  In  the  more  conventional  cenf iguratlons,  the 
dynamic  effects  are  relatlveJy  ibodest  an  you  come  Into  ground  effect  wltli  sink  rate,  but  as  you  begin  to 
introduce  added  flow  fields  or  plumea  the  effect  progressively  grows.  I  think  that  it  is  safe  to  ssy  tliut 
If  you  are  going  to  calk  about  a  vehicle  ttiat  iias  deflected  thrust  in  any  olgnlficant  amount  where  you  are 
going  to  get  InteTactlon  of  Che  plums  with  the  ground,  yes,  you  probably  need  to  model  sink  rate  in  your 
grtAind  effects  testing.  For  other  configurations  I  guess  1  liaven't  seen  enough  lest  results  to  conclude 
that  you  would  absolutely  have  to  have  sink  rate  affects,  wiicre  you  do  not  liave  very  high  lift  or  high 
deflection  of  the  wake  close  to  the  ground.  I  guess  the  bottom  line  Is  If  you  are  using  deflected  thrust, 
particularly  if  you  are  using  ceveraera,  you  deflnli ely  want  to  model  sink  rate.  In  the  more  conventional 
cases,  you  can  probably  still  get  results  that  are  uueful  wituout  neceusarfly  modelling  sink  rule. 

Dr.  K.  Richey.  USAF 

I  would  agree  with  thut  aseessment.  If  I  recall  from  the  data  you  were  showing  nt  the  higher  sink  rates, 
without  thrust  vectoring  there  Is  not  much  difference.  Is  that  right,  Bill? 

Dr.  W.  Gilbert,  NASA  langley 

One  of  the  things  that  we  are  in  ilie  process  of  doing  at  Langley  right  now  Is  ttiat  we  are  building  A 
system  to  go  In  the  I4  x  22  foot  tunnel.  This  will  allow  us  to  very  syatanaticallv  run  tlirougti  sink 
rates,  including  flare  sod  pitch  lale.  Ue  want  to  do  it  In  a  systeaatic  fashion  where  wu  look  at  a  range 
of  planforms  with  and  without  the  effects  of  deflected  thrust.  That  is  something  tliat  will  happen  over 
the  next  several  years.  Right  now  we  are  not  satisfied  with  the  data  base  and  the  parameter  variation 
that  we  have.  For  example,  in  the  rortex  facility  we  were  not  able  to  Indepundently  vary  parameter 
because  of  the  ground  board  system  ve  use.  When  we  varied  our  approach  Jpeed  to  the  deflected  plane, 
basically  you  varied  your  sink  rate.  You  couldn't  indepcadcntly  vary  the  test  conditions  that  you  wanted 
to  look  at. 

1  think  In  the  next  several  years  as  we  do  some  testing  wltli  a  better  apparatus  we  will  get  a  lot  better 

picture  of  wtist  the  guides  ought  to  be  in  doing  dynamic  ground  effects  testing. 

Dr.  D«  Woodward,  RAE 

Can  I  Just  comeoack  for  a  moment  then,  because  1  think  that  is  a  very  significant  concluaion  in  reJatlon 
to  people  who  have  to  operate  windtuimels.  For  some  years  we  have  dabbled  with  the  Idea  that  one  of  the 

important  things  that  we  ought  to  provide  If  we  were  going  to  take  ground  effect  testing  seriously  was  u 

moving  ground  plane.  Now  some  of  the  data  suggests  tlwt  In  fact  the  sink  rate  is  vastly  more  important 
than  the  moving  ground  plane.  If  this  were  a  general  conclusion,  this  would  indicate  a  fairly  significant 
change  In  direction  f.n  the  equipment  being  provided  in  wlndtunnels. 
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Dr,  W,  Gllhfrt,  Ni^A  Ungley 

V'gueaa  7.  would  add  a  cautioa.  The  aovlng  ground  plane  la  still  Inportanc  whtn  it  comes  to  significant 
foiiard  deflection  of  the  thrust  because  of  renoval  of  the  boundary  layer.  Even  though  in  my  presentation 
it  shows  being  of  less  Importance »  It  is  still  very  Important  to  remove  the  boundary  layer. 

Dr.  D.  Woodward,  RAE 
So  you  want  both? 

Dr,  W,  Gilbert,  NASA  Langley 
Absolutely! 

Hr.  J,  Leynaert,  ONERA 

1  would  like  to  add  one  remark.  In  the  last  presentation,  you  have  seen  that  In  the  wind  luimel,  we  had  a 
sort  of  oast  so  as  to  vary  the  altitude  of  the  model.  This  syatem  was  defined  to  study  the  dynamic 
effects.  It  allows  to  apply  a  very  sudden  descent,  for  instance,  so  tliat  you  can  measure  also  the  dynamic 
effects.  However,  If  you  vise  a  highly  sensitive  balance,  the  balance  caimuL  withstand  the  inertial  forces 
given  by  the  model.  Therefore,  we  should  need  a  very  light  model  or  a  sclffor  balance,  Su  there  is  a 
wiiole  range  of  oq^erlmentul  problems  that  are  very  difficult  to  solve  because  the  inertial  forces  are 
important,  and  It  is  very  difficult  to  get  rid  of  them  with  simple  and  accurate  toenns.  Apart  from  that 

the  system  lias  been  defined  so  as  to  carry  out  the  teat  precisely.  It  might  very  well  be  that  one  day  we 

can  solve  the  whole  problem. 

Hr.  R.  Curry,  NASA  Dryden 

I  would  say  that  In  the  references  that  I  did  cite,  the'  was  aome  comment  made  that  the  distinction 
between  dynamic  and  steady  state  ground  effect  is  moat  p  icunced  for  confixurat  ions  which  tiave  a 
Bubstantlal  amount  of  vortex  lift.  In  both  the  more  high.  *  swept  delta  wing  planiorma  ami  the  X29  test  in 

the  landing  configuration,  we  suspect  there  was  a  substantial  level  of  vortex  lift.  I  would  agree  with 

the  other  comments  however,  that  the  data  base  for  side  by  side  comparluons  of  dynamic  and  steady  state 
data  in  control  testing  is  very  limited.  I  don't  think  tliat  yuu  can  sake  a  atrong  conclusion  about  this, 
but  that  is  at  least  one  proposed  explanation  for  tlie  varying  sensitivity  to  dynamics  in  the  grouixl  effect 
testing. 

Ur.  K.  Orllk^RUcketuanii ,  MAE 

1  wonder  whether  1  could  go  back  to  the  control  aspecti:?  1  Itave  one  or  two  additional  points  that  I  chink 
aliuuld  be  mentioned.  Someone  mentioned  the  effect  of  asyueoetrlc  weapons  dielrlbutlon.  This  ol  course 
brings  up  the  question  of  the  importance  of  aerodynamic  croas-^couplinK  effects.  This  Is  something  tluit  I 
have  been  prooioting  lor  some  time.  One  of  t|ie  very  good  examples  Is  In  fac»  asynmeiric  weapon 
distribution.  Once  you  have  fired  something  on  one  side,  you  liave  an  aHymneLrU'  configuration,  which  even 
at  lower  angles  of  attack  will  produce  asymaetrlc  aerodynamic  efiects.  These  luive  always  been  dlfficulL 
to  measure  and  more  or  less  ncgiected,  but  some  of  the  devices  that  we  now  have  developed  in  Canada 
us  to  dctenuluu  both  static  and  dyttsiolc  croHS**  coup  ling  effecls,  which  should  perhaps  be  kept  in  Diiitd. 

Another  thing  Is  the  question  vhicti  1  think  lias  somehow  been  slightly  removed  from  being  one  of  tlic  utgimL 
ones,  but  at  one  time  we  were  all  quite  interested  and  excited  by  the  piosperts  of  being  able  to  Induce 
not  only  angular  motions,  but  also  trsnaJatlonai  motions  to  the  aircraft.  Sumshow  I  haven’t  hoard  much 
about  this  In  the  last  tew  years.  I  wonder  If  somebody  could  enlighten  me  wli^ther  this  sppruarli  ]>h» 
become  impractical  and,  if  so,  why?  It  seems  that  an  independent  posslbiUty  of  cuntrul  1  log  the  aircraft 
in  angular  and  translational  degrees  of  freedon  would  go  a  long  way  towards,  for  instanre,  pointing  the 
aircraft  without  changing  the  flight  path.  Finally,  when  I  talked  before  about  tlie  Importance  of 
non-linear  pi'esentatlonsi  1  should  have  Included  not  only  the  need  to  consider  the  data  In  a  non-lltirar 
fsshion,  which  means  tliat  you  no  longer  can  superimpoae  tlioa,  but  also  the  need  to  look  at  the  various 
motions  individually.  One  can  no  longer  determine  aerodynamic  reactions  to  a  certain  motion  and  tlien 
superimpose  then  on  reactions  obtained  for  a  different  motion.  One  oust  examine  the  full  complex  motion 
and  determine  reactions  to  tliat.  In  an  experimental  environment,  amh  aS  In  a  wludtunnel,  this  is  s 
relatively  difficult  problem.  Nsvcrtheless,  the  fact  tliat  it  is  diflicuit  does  not  relievo  us  from  the 
responsibility  of  h.ving  to  deni  with  such  a  problem.  Ultimately,  iiowovcr,  this  kind  of  study  will 
probably  have  to  be  dcxie  more  through  flight  testing  or  with  free-fl/lng  models  than  In  a  wludtunnel. 

There  are  exceptions,  however,  for  instance  at  the  Instltut  des  Hecanlques  de  Lille  there  are 
poBslbiilties  of  combining  a  coning  laotloo  with  a  superimposed  osciUaiory  motion  in  pitch  or  yaw.  Wc 
need  more  techniguou  wliich  could  pruduec  arbitrary  complex  mot  Iona. 


Mr,  U,  PecVhsn 

Thank  you  for those  comments  Dr.  Orllk-PUckeoann.  In  the  middle  you  had  a  question  about  translational 
notions.  I  presume  you  mean  the  heaVc  luuLiort.  Dees  anyone  in  the  .ludlence  wish  in  rnmnipni  on  that? 


Dr.  R.  Bradley,  General  Dynamics 

As  most  of  you  know  we  have  flown  the  AFTI  program  for  a  number  of  years  now,  viilch  has  produced  a  great 
deal  of  flight  infomatiiui  on  direct  furce  control,  direct  translai luual  motions,  and  so  forth.  These 
results  have  been  published  rather  widely.  You  say  you  haven't  heard  much  recently?  Eastoally  anything 
tliat  goes  on  an  aircraft  has  to  eain  Its  way  In  terms  of  jiayofr  in  use,  and  there  are  certainly  uome  modes 
which  have  been  shown  to  be  useful  for  specific  tasks.  In  muy  cases,  however,  tliose  direct  force  modes 
do  not  really  show  great  benefit  In  the  field  when  evaluated  by  operational  pilots,  for  example.  Perhaps 
the  reason  you  haven't  h^rd  much  lately  is  tliat,  although  we  have  learned  a  great  dual  on  different 
control  modes,  nut  too  many  of  them  were  combined  with  such  things  as  direct  side  force  or  nose  pointing. 
There  is  quite  a  wealth  of  literature  on  this  subject  tlmi  is  In  the  opui  and  certainly  can  be  researched. 
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Dr.  X.  Orllk-RUcktaaamit  NAE 

This  ia  what  I  wanted  to  find  out,  1  know  about  thia  work,  but  as  1  said,  I  didn't  hesr  about  any 
appllcationa  of  these  concepts,  and  you  have  answered  tliat  they  arc  not  too  prsctical  for  various 
reasons.  Ihia  means  as  far  an  i  am  conceiTted,  that  when  we  develop  various  experloiGiiLal  devicesi  we  will 
probably  de'^emphasize  to  some  degree  the  interest  In  constructing  liHjances  lor  translational  osciUdtlon 
In  the  vertical  or  lateral  plane. 

Dr,  K.  Bradley,  General  Dynamica 

I  Slight  add  that  I  didn't  say  they  were  not  useful,.  1  said  they  haven't  earned  their  way  on  an  operationa 
aircraft  yet.  We  have  learned  a  great  deal.  We  have  learned  a  lot  In  the  control  law  area  and  on  how  lo 
use  the  more  conventional  control  forces.  Some  of  these  are  being  Integrated,  Incidentally,  into  L]ie  K-16 
by  the  Air  Force.  However,  the  mu  Jar  direct  force  control  modes  liavc  not  yet  earned  their  way  un  an 
al  rcraf  t. 

Dr.  W.  ClJtjert ,  NASA  Langley 

Dr.  Orlik^Xtlckemann,  the  other  reasons  you  may  want  to  have  those  capabilities  Is  to  de~couple  the  clanslc 
lorced  oaclllatlnn  measureiiienta.  ITven  though  wc  not  need  the  translational  UHasurenenta  for  some  of  the 
uppllcatlona  tliat  Dick  Bradley  talked  about,  many  people  still  l>ave  Interest  in  being  able  to  breuk'iluwn 
the  highly  coupled  derlvallvea  cliat  you  get  when  you  do  the  clasair  body  axis  forced  uscHlaLiou  dynamic 
teatlng,  no  I  think  that  there  Is  an  Interest  from  liiat  standpoint. 

Dr.  X.  Richey. JJ^F 

1  aia  generally  familiar  with  the  scope  of  the  AGAKD  Working  (iruup  on  Dynamic  ibilanccK.  I  riiltik  that  wr 
night  look  to  then  to  solve  these  probJums. 

Dr .  K .  OrHk^RUo  kerns  nn,  NAK 

Since  1  have  "been  reaponaibio  for  tiiat  particular  Working  Croup,  lei  ne  say  tlial  there  ia  incleed  a  lot 
about  muLliematlcal  ntodelling  cud  Lliv  importance  of  various  dynamic  psraiueLeru  in  the  Working  Group  report  , 
which  we  liope  wX  U  be  available  fur  dlstrlbuti.un  tiooeilsie  next  spring. 

1  would  like  1.0  ccimmeni  on  Hr.  Gilbert's  comment.  Indeed  lilts  is  a  very  iopuri.mt  cunBlderdtion,  •ind  l 
fully  agree  tiiat  the  iraus  latiunai  ouciilatlun  experloentH  do  produce  an  indepcnrieiu  means  oi  aei'  at  ing 
the  ao-ca  Lied  purely  rotary  effect  from  tliat  due  lo  tranulatlonal  acceleration  effect  which  is  UK>uiUy 
called  bets  dot  or  alplt«<  dot  effect,  depending  on  the  degree  of  Iraedom.  At  high  angles  ut  situck  it  Is 

Very  importani  ,  as  shown  by  people  at  NASA  langley,  to  separate  Ifiosv  two  effects  and  put  the  proper 

derivatives  at  the  proper  places  in  the  equatioits  ol  ototJoii.  Tliank  you.  Dr.  t.llberL,  ior  tliat  reoiurk. 

Ur.  K.  Klct.ey,  U.SAH 

1  would~ilke  to  "go  back  to  an  earUer  conment  iliac  was  oude  about  military  utility  of  liJgli  rates  i4 
laaitoeuverabllicy  and  lilgti  angloa  of  .'ittsck.  Although  i  would  tend  to  agree  that  the  military  utility  ol 

high  aiigJe  of  attack  and  high  rdlea  is  ycl  to  be  fully  explored,  1  think  we  have  to  explore  t  lie  flight 

regime  and  then  aee  wlitit  kind  of  combat  tactics  and  military  utlJUy  may  result.  Yon  can't,  start  wUli  the 

aasuQipLion  dial  U  won't  work.  When  you  give  pilots  new  degroos  of  tiecdiin,  they  may  tlgure  out  Home  very 

InnuvHtive  ways  to  use  tliat.  We  also  need  to  keep  in  oju<l  tlut  wlten  we  ore  toiklng  about  iheac  high  rates 
and  high  angleo  of  attack  that  ve  are  not  necessarily  talking  about  low  speed.  We  imv  be  talking  about 
transonic  conditions,  at-  least,  and  maybe  evm  supersonic  flight  at  high  altitude,  let's  nut  bo  ilrawn 
Into  the  argument  lliat  <t  le  only  a  low  speed  phcriofficiiuii. 

Dr^  W.  Gi  ]  bert ,  NA^A  i.ingloy 

I  would  like  lo  add  an  ampli t  Icutlon  of  Lliat.  The  other  thing  tliat  we  have  noticed  mh  you  exsinliio  current 
aircraft,  a  lot  of  performance  iig  lust  long  belorc  oiaxirnum  lift  on  current  atrcrait  In  t.erinb  of  the 

abil.ity  Lo  manoeuver  precisely  both  in  pitch  and  leLcrally.  A  lol.  of  the  work  tlwt  lian  gone  on,  noi  Just 

the  work  that  we  liave  doin',  others  have  done  in  trying  lo  find  aoluilons  tu  the  separated  I  low  probleuiK 
will  result  In  some  rather  impressive  gains  In  utnioeuvijr  rapobt  li  l  le-s  prior  to  tuaxlmuiD  lift  and  In  the 
region  of  rauX-hnum  Hit.  We  have  seen,  tor  example,  lii  cnmpaclKons  witli  Hoaie  current  /liicraCi  tli.iL  yuu  ran 
expect  wiLh  some  fairly  reasonable  concepts  to  double  roll  performance,  for  example,  in  the  region  arouikt 
□laxlmum  lift  for  current  aircraft  which  Is  a  region  tlial,  In  air  combat  tactics  today  pi  lota  1  ly  In,  U>w 
It  is  flying,  and  it  doesn't  involve  going  to  llie  deep  Hlall  regime,  it  Involves  going  into  the  regime 
approaching  maximum  lift  where  they  fly  frequently.  So  i.licrc  are  a  lot  of  payuJtu  down  lo  tliij  edge  uf  the 
sustained  envelope  and  between  there  and  maKioiuui  lift.  I  think  tliat  there  Ih  a  lot  lo  be  gathered  iron 
it,  and  I  agree  with  Dr.  Rli-ihcy’s  coauient  llwt  explorations  in  tills  area  will  open  some  doors  Llwi  we'll 
only  understand  the  payoff  as  pilots  begin  to  expior^  the  tactics  and  rfoik  with  the  results. 

Mr.  Siardl,  AerHaila 

I  have  a  question  for  Dr.  Rlrliey-  Needliras  to  say,  1  just  followed  closely  the  .Sympouliim  with  ilie  eyea  of 
an  unmouned  systems  engineer.  Tlierefore,  i  aak  him,  "are  there  any  f'llure  requirenicnl  s  in  i  he  llolrl  nf 
iinmanned  aircraft  sysiuiis"  (as  far  ns  "aglltty'*  is  concerned)!' 

Dr.  Richey,  USAF 

My  personal  point  oi  view  Is  'Yes',  I  think  tlwi  wc  ere  Just  beginning  to  understand  the  uilllty  of 
unmanned  vehicles.  Several  naclono  arc  exploring  these  lypeo  of  velilolos  for  a  wide  variety  nt 
app  1  leatlons .  I  think  t.hat  in  the  years  nltead  the  controls  cunuaijnity  will  liava  to  pay  a  lot  more 
attention  to  unmanned  air  vehicles  because  they  will  probably  be  able  to  operate  certainly  at  higher  g'a 
and  certainly  more  radical  manoGuvers  in  sonc  cases  than  manned  aircraft.  Also  there  may  be  a  payoff  lor 
greatly  reducing  the  control  surface  size  to  reduce  signature.  If  the  control  surface  is  smaller,  it  will 
have  to  be  UHjr<?  effective.  I  think  tliat  ll  is  certainly  fruitful  to  coinildcr  «:aiitrol  characl  eiTat  Ich  nf 
unmanned  as  w«'l}  hh  manned  aircraft. 
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Dr 4  J.  Campbell,  NASA  Tiangley 

TKua  f at ,  we  have  uot"(iiscu'saed  the  crucial  problent  of  extrapolaiLafi  aub-scale  wlnd-tunnal  reaulta  to 
flight  scales,  wlilch  I  will  sention  briefly.  Scaling  combat  aircraft  coatrola  lo  very  caapllcated  because 
the  control  surfaces  luat  function  io  separated  flow  fields  thsc  vary  au  the  aircraft  nanoeuvers.  The 
airplane  can  have  attached  flow  at  cruise,  mixtures  of  attached^  separated,  or  vortical  flows  at  moderate 
oanoeuvei's,  and  fully  separated  flows  at  high  alphas;  these  can  be  effected  high  speeds  by 
shock-induced  separations,  and  vortex-ahock  interactions.  As  you  see,  this  la  a  complex  probleu  to  scale 
with  Reynolds  number  and  Mach  number. 

Over  ttie  years,  we  hove  developed  the  capability  oi  scaling  attached  2*^0  boundary- layfra  from  tunnel  to 
flight  fox  transport-type  wlnga.  Currently,  there  la  no  way  to  scale  combat  aircraft  separated  flown  to 
flight,  especially  3-D  boundary  layers  and  separations.  WIren  the  fighter  alpha  incraasen,  the  boundary 
layer  can  beenne  so  strongly  3-D  that  it  reaches  a  point  where  it  guea  out  the  span  of  wing  without 
crofimlng  the  trailing  edge.  In  addition,  ttie  boundary  layer  can  separate  at  different  locations  such  as 
at  the  wing  leading-edges,  at  the  leadlng-ed.Hf*  and  tn-  Hng-edge  flap  hlnge-llnes,  and  around  the  iorebody. 

All  of  this  may  be  affected  by  Reynolds  number  and  coapreaalbllLty,  depeodlug  on  the  specific  geometries 
Involved,  end  reprnsenLa  a  challenging  tecbnulogy  area  that  requires  nore  study*  We  are  begii>nlag  to  sec 
some  capabilities  at  Langley  to  help  address  this  complicated  problem.  First,  CFD  codes  are  maturing  tliai 
can  calculate  the  full  viscous,  compreusLble  flow  ar.  und  a  complete  airplane  conflguiatlon;  and  aecond, 

the  National  Tranaon^c  Facility  1h  unique  in  that  it  can  obtain  the  effects  of  KeynuldK  number  and  Mach 

number  to  full-scale  flow  conditions.  I  believe  tliat  scaling  oi  aoparat.pcl  flowa  on  conbci  aircraft  is  a 
major  t^hnology  area  to  Inveatlgatc. 

Hr.  blaenaar,  NUl 

i  wouldn’t  duny  tltai  scaling  is  a  problem  lor  tliese  types  oL  flow,  but  it  might  not  be  as  bad  aa  you  point 
out  here.  Flaws  ovnr  bodies  with  yliarp  edges  are  Reynoldn  number  independent,  bo  frnoi  tiut  point  of  view 
you  do  not  liave  such  a  large  problem.  I  agree  we  still  have  to  find  out  for  what  conditions  acalings  laws 

are  very  Important  and  for  wluit  Condltlonfa  thrur  ocale  effccta  can  be  neglect ed.  I  doubt  if  it  is  a 

severe  pi'oblem  Icti-  the  whoLr.  uruu. 

Dr.  J.  CaapbelL,  NARA  Langley 

I  will  give  one  example.  The  Fairey  Delta  a  cplatie  liad  a  60^  deltn  wing  with  a  round  leadinK-cdge  and 
wsu  used  In  a  turnel-to-illght  r.orrelarion  wMch  la  the  bent  tluit  1  liave  seen  on  leading-edge 
aeparal Ion-induced  vortex  flows,  in  flight,  the  wing  Itad  attached  flow  on  the  inboard  purtlun  and  a 
separated  vorta:  flow  about  lialf  way  out  at  ooderute  angles  of  attack  and  at  subsonic  and  transonic 
I'Peedu.  For  thu  ssme  alphaa,  the  wind-tuiatel  would  dovolcp  tlie  leading-edge  vortex  ail  the  way  up  the 
loading  edgu.  The  lower  Keynoidu  number  in  r.)ie  tuiiiei  cauhinl  the  flow  to  separate  soouur  from  the  round 
loading  edge*  Tliat  experiment,  tunnel  to  flight,  was  very  eloquent  in  pointing  out  the  difference  and  it 
lit  very  complicated.  It  is  an  Iseuu. 

Foot*  A*  Young,  Ui< 

We  huvo  heard  a  great  deal  this  cuorning  about  the  complexity  of  the  problems  ttial  are  being  faced. 
Certainly  the  difficulties  are  limnvnso.  1  wonder  whnlltcr  enough  eoplxasis  is  being  tlieraloru  put  on 
lunlamentoi  well -organised  programs  oi  raaeacch.  1  was  Impressed  In  the  particular  srssioii  tltal  1  chaired 
by  the  well-devised  coordinated  programs  described,  admittedly  on  aspects  of  the  problem  which  do  not 
directly  deal  with  dynamic  effects  lii  the  way  iliat  we  have  beer,  discussliig  this  morning.  However,  It  does 
seem  to  me  ttut  perlmpe  a  little  u»re  thought  should  be  given  lo  wlut  kind  of  fundamental  programs  of 
research  ahouM  be  developed  In  order  to  deal  with  the  kind  of  problems  tlidt  are  arising.  Complex  an  Die 
problems  are,  we  must  not  got  so  pessioiiaLlr  tliat  wu  will  never  be  able  to  understand  them  at  all.  Tlie 
more  wo  can  undorstond  what  is  going  on,  the  eanler  will  tin*  denigii  problem  be  <•vl>tlLua^y. 

Mr*  D*  Piykharn 

Thank  you  Froiessor.  Young.  J  think  rliat  wo  can  allow  one  more  queston  or  comment. 

•  K«  dradley,  Caieral  Dynamica 

Al'ing  the  same  lines  as  Alec  mentioned  here,  1  vuu  surprised  ilisi  no  one  liad  clmllengtid  Dr.  Kichey  on  his 
prediction,  and  I  Just  would  like  to  congintuiate  him  on  hi  s  forword- looking  prediction  cliat  in  five  years 
we  would  be  able  to  compute  l-dlmonslfjnal  unsitvidy  How  fieldn.  I  hoi>e  you  ore  right  Keith. 

Dr*  K.  lUchey,  U_SA_F 

Thank  you  Dr.  Bradley.  11  wc  apply  the  necessary  resources,  we  can  do  it. 

Mr.  [).  Peckhtu 

It  is  now  time  to  bring  this  Sympasiurn  to  a  close.  We  on  the  Fluid  Uynamlcs  Panel  hope  Lliat  you  have 
found  It.  Intormative,  stimulating  and  timely.  .My  co-clialnaan,  jseky  l.eynacrt,  and  I  would  like  to  thank 
all  the  speakers  lor  their  excellent  presentations  and  foi  keeping  to  their  alLotcd  time  ond  to  you,  the 
ttudienci*,  lor  your  active  participation.  Jacky  l4?ynnerL  and  1  would  also  like  Lo  tliank  the  oouiberB  of  the 
Program  Committee  for  their  efforts  In  putting  the  pragraoi  together  and  fur  their  dial  roanshlp  of  t.he 
vailouH  sessions. 

But  the  most  hard  working  man  this  week  has  be»n  uur  Xcchnlcal  Evaluator,  Dr.  Keith  Richey.  1  InvlLe  you 
lo  Join  ms  in  thanking  him  for  his  efforts*  Turning  to  more  general  matters,  1  would  like  lo  express 
tlianka  on  your  belialf  to  the  Spanish  authoiities  for  making  our  week  so  enjoyable,  both  at  our  tachulcal 
aeetiogs  and  the  program  fur  our  wives  and  companions  visiting  Madrid  aixl  the  cltioo  nearby.  In 
particular,  1  vgul<l  like  to  record  our  thanks  to  General  Micliavila  and  Wenural  Batt  lata  for  opening  t.he 
meeting  on  Monday  .md  the  splendid  reception  on  that  evenltxg.  To  Marla  Cruse  Gutierrir,  the  National 
Coordinator  in  Spain  for  all  her  work  on  arrangements  aivl  to  our  own  Spanish  Panel  Mcinbera  who  have  dexxe 
so  much  to  eiiuur''  that  arrangements  have  run  smoothly.  Again,  In  particular,  I  would  like  tu  tliank  Hr. 
Simon  tor  arranging  the  visit  to  CASA  on  Tuesday  ami  the  enjoyable  lunch  afterwards. 


Hin-y 


the  Baooth  runuLii^  of  our  Beetlo^s  depends  very  auch  on  our  Panel  Executive  and  we  have  a  new 
executl\e»  Dr.  Wluston  Coodrlc^i  and  hla  secretary  Ame  Merle  Rlveult  who  lias  been  so  busy  in  the  lobby* 

It  has  been  Winston's  first  Beetln^  since  he  took  over  Iroa  Hike  la  July.  Thank  you  Winston,  well  done  on 
your  first  ■eeclng. 

These  neetlngs  would  not  be  possible  without  our  inteipretors  locked  away  In  their  booth  at  the  back  of 
the  aeetlog  roon.  I  an  sure  they  have  had  to  cope  with  sany  problems  during  the  weeki  and  1  would  like  tu 
thank  on  your  behalf  Mrs*  Main,  Mrs.  de  Fush.lelle  and  Mr.  de  Llffluc  for  their  laterpretatlcn  efforts 
during  the  week.  Also  1  would  like  to  record  your  appreciation  to  Victoria  Mascara  who  has  operated  the 
projection  e<]ulpttent  for  us  during  the  week,  and  the  staff  of  Niagara  Travel  Agency  in  the  lobby  who  have 
looked  after  our  hotel  arrangtmencs. 

1  would  like  to  odvertlse  our  future  program*  Next  year  In  the  aprlng  we  liave  a  meeting  on  Missile 
AerodynamlCB  in  Germany.  In  Che  fall  we  liavc  a  meeting  on  Vortex  Flow  Aerodynamics  in  The  Netherlands. 

For  the  Vortex  Flow  meeting,  the  copies  of  the  *'call  for  papers"  are  svailslie  outside  in  the  entrance 
hall,  and  1  hope  tliat  many  of  you  will  take  copies  and  that  many  of  you  here  will  be  able  to  attend  our 
meetings  next  year.  Finally,  thank  you  all  for  coming  tu  thlo  Beetiag  and  have  a  safe  journey  home. 
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The  AGARD  Fluid  Dyniiinics  Panel  spon.sorcd  this  .Syniposiiinno  provide  an  npdaleri  icvicv/  of 
the  iicrodynanii^  ilcsign  of  coiitrols  for  conibat  aircraft.  The  scope  included  the  aerodynainic 
design  ol  controls  for  takc  siff  ;iiid  landing  conditions,  for  manoeuvring  at  subsonic,  transonic  anil 
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ground  effects,  eoniputalional  and  expeiimeiilal  methods  were  levieweil.  anti  inelmletl  jet  ellects 
on  llow-field  forces  and  intake  flows.  '  •  i 

In  addition  to  the  papers  in  esented  at  tlic  .Syin|Hi.sium.  the  re'iilts  of  the  one-hour  Round  Table 
Discussion  leeoidetl  at  the  end  of  the  .Symposium  are  pieseiuetl  in  this  leport.  llere.'basie  insight 
ami  underslaniling  of  aerodynamic  controls,  providesl  by  these  papers  and  etn  rent  leseaieh 
pi  ograniines,  are  reviewed  anil  related  to  the  design  and  i.Tfeeliveness  of  eoiuiols  for  .  j 

eontemporaiy  combat  aircraft.  '  '  ’  "  , 
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